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Abstract
Moment arms are important in many contexts. Various methods have been used to esti-
mate moment arms. It has been shown that a moment arm changes as a function of joint
angle and contraction state. However, besides the influence of these anatomical factors,
results from recent studies suggest that the estimation of moment arm is also dependent
on the methods employed.
The overall goal of this thesis was to explore the interaction between the methodological
and anatomical influences on moment arm and their effect on estimates of muscle-tendon
forces during biomechanical modelling. The first experiment was a direct comparison
between two different moment arm methods that have been previously used for the es-
timation of Achilles tendon moment arm. The results of this experiment revealed a sig-
nificant difference in Achilles tendon moment arm length dependent on the moment arm
method employed. However, besides the differences found, results from both methods
were well correlated. Based on these results, methodological differences between these two
methods were compared across different joint angles and contraction states in study two.
Results of experiment two revealed that Achilles tendon moment arms obtained using
both methods change in a similar way as a function of joint angle and contraction state.
In the third experiment, results from the first two experiments were used to determine
how methodological and anatomical influences on Achilles tendon moment arm would
change muscle-tendon forces during the task of submaximal cycling. Results of the third
experiment showed the importance of taking the method, ankle angle and contraction
state dependence of Achilles tendon moment arm into account when using biomechanical
modelling techniques.
Together, these findings emphasis the importance of carefully considering methodolog-
ical and anatomical modifiers when estimating Achilles tendon moment arm.
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Chapter 1
1
1 General introduction
In order to describe and analyse human movement, one has to understand the underly-
ing movement mechanics. Movement occurs when skeletal muscles produce forces that
are transferred to the joints via tendons (Zajac, 1989). Tendons insert at the joints at
a distance resulting in a rotational force (i.e., torque or moment) causing a particular
segment to accelerate. The perpendicular distance between the centre of the joint and
the muscle-tendon unit is called the moment arm (Pandy, 1999). Moment arms are of
fundamental importance in many contexts. For example, strength is often measured as
a rotational force using isokinetic dynamometry (Aagaard, Simonsen, Andersen, Magnus-
son, & Dyhre-Poulsen, 2002; Andersen & Aagaard, 2006). To understand how muscle and
tendon interact to produce the individual’s strength, the moment arm length is needed for
the calculation of muscle forces from joint torques to perform a detailed analysis of mus-
cle function. Thus, moment arm is an important determinant to explore the underlaying
mechanism that create strength. Another example demonstrating the importance of mus-
cle moment arms is its relevance within the context of movement economy. For instance,
running economy (the energy cost for a given running speed) has been shown to strongly
correlate with Achilles tendon moment arm length (Raichlen, Armstrong, & Lieberman,
2011; Scholz, Bobbert, van Soest, Clark, & van Heerden, 2008). A smaller moment arm in-
creases the amount of stored elastic energy in the tendon. As a consequence, the increased
storage and reutilisation of the elastic energy in the tendon can reduce the metabolic costs
of running and therefore increase the running economy (Scholz et al., 2008). In addition
to being an important determinant of movement economy, muscle moment arms are also
of relevance for transferring muscular forces to the environment effectively. Within this
context, it has been shown that the ratio of Achilles tendon moment arm to the distance
between the ankle joint and point of ground reaction force application is important (gear
ratio). Although a high gear ratio (i.e. small Achilles tendon moment arm in combina-
tion with a long foot and toe) places the muscle at a mechanical disadvantage in terms
of its moment arm, higher muscular forces can be generated based on the force-velocity
relationship as the muscle-fibres have to shorten less for a given joint rotation (Baxter,
Novack, Van Werkhoven, Pennell, & Piazza, 2011; Lee & Piazza, 2009). In this context,
the higher forces can compensate for the mechanical disadvantage in terms of moment
arm. The significance of this gear ratio in terms of running performance is controver-
sially discussed within the scientific community (Baxter et al., 2011; Karamanidis et al.,
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2011; Lee & Piazza, 2009; Scholz et al., 2008). While Lee and Piazza (2009) as well as
Baxter et al. (2011) reported a smaller Achilles tendon moment arm for sprinters as a
possible explanation for their sprinting performance, Karamanidis et al. (2011) did not
find a difference. A smaller moment arm for sprinters in combination with a high gear
ratio would enhance the muscle force generation and therefore be advantageous for their
sprinting performance. Thus, moment arm might be an important determinant to deter-
mine sprinting performance. Finally, within a developmental context, moment arms have
been used to better understand the underlying mechanisms that cause age-related changes
in human movement. O’Brien, Reeves, Baltzopoulos, Jones, and Maganaris (2010) and
Waugh, Blazevich, Fath, and Korff (2012) explored the mechanical properties of the patel-
lar and Achilles tendons in prepubertal children. In order to determine the mechanical
properties of the tendons, the authors estimates the individual moment arms for the chil-
dren that were significantly smaller compared to adults (O’Brien, Reeves, Baltzopoulos,
Jones, & Maganaris, 2009; Waugh, Blazevich, Fath, & Korff, 2011). Morse, Thom, Mian,
Birch, and Narici (2007) and Wood, Dixon, Grant, and Armstrong (2006) also reported
smaller moment arms for children in comparison to adults, when looking at the strength
of children. Thus, moment arm is important to enable exploration of age-related changes
in human movement within a developmental context.
From a methodological perspective, moment arms are important because they allow the
calculation of muscular forces from torques. As direct measurements of muscular forces
are difficult to perform and highly invasive (Finni, Komi, & Lukkariniemi, 1998; Komi,
Salonen, Ja¨rvinen, & Kokko, 1987), an accurate and reliable determination of moment
arms is of fundamental importance to calculate muscular forces from torques. Various
methods exist to estimate moment arms at different joints such as the tendon excursion
method which has been applied for example at the finger (An, Takahashi, Harrigan, &
Chao, 1984; Storace & Wolf, 1979), shoulder (Ackland, Pak, Richardson, & Pandy, 2008),
and ankle joints (Spoor, van Leeuwen, Meskers, Titulaer, & Huson, 1990; Ito, Akima, &
Fukunaga, 2000); the centre of rotation method (Reuleaux, 1875) which has been applied
for example at the elbow (Wood et al., 2006) and the ankle joints (Maganaris, Balt-
zopoulos, & Sargeant, 1998a; Rugg, Gregor, Mandelbaum, & Chiu, 1990); a method using
malleoli markers for the ankle joint (Manal, Cowder, & Buchanan, 2010); the instant cen-
tre of rotation (Smidt, 1973); the tibiofemoral contact point (Baltzopoulos, 1995; Kellis
& Baltzopoulos, 1999; Tsaopoulos, Baltzopoulos, Richards, & Maganaris, 2007) and the
geometric centre of the posterior femoral condyles (Tsaopoulos, Baltzopoulos, Richards,
& Maganaris, 2009) for the knee.
In addition to such methodological differences, various anatomical factors also influence
the moment arm of a muscle or tendon about a particular joint. The joint angle is a
modifier for moment arm. Because the origin and insertion of the muscle-tendon unit
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are fixed to the corresponding bones that create the joint, the moment arm is directly
influenced by joint angle changes due to the bone geometry (Maganaris et al., 1998a; Spoor
et al., 1990). Another factor that may affect the magnitude of muscle or tendon moment
arm is the contraction state of the corresponding muscle. When the muscle contracts, the
muscle thickness increases and therefore it changes the orientation of the muscle-tendon
unit with respect to the centre of rotation of the joint (Baxter et al., 2011; Maganaris et
al., 1998a; Maganaris, Baltzopoulos, & Sargeant, 1999; Sheehan, 2007; Wilson & Sheehan,
2009). As the moment arm is defined as the perpendicular distance from the muscle-tendon
unit to the centre of rotation, the contraction has a direct influence on the estimation of
moment arm.
It becomes clear that both methodological and anatomical factors have dramatic effects
on estimates of muscle-tendon moment arms. Not always are such effects taken into
consideration when forces are estimated from torques. For example, many musculoskeletal
models take the angle dependence of moment arm for their calculation into account, but
the dependence of contraction state is not included (Buchanan, Lloyd, Manal, & Besier,
2004; Manal, Gravare-Silbernagel, & Buchanan, 2011).
The overall goal of this thesis was to investigate the interaction between methodological
and anatomical influences on the Achilles tendon moment arm and their effect on esti-
mates of muscle-tendon forces during biomechanical modelling. The Achilles tendon was
chosen because it is the most important force carrying structure for the lower limb, since it
connects the plantarflexor muscles of the triceps surae (soleus, gastrocnemius medialis and
lateralis) to the ankle joint at the calcaneus. Thus, there is a high practical application
for the Achilles tendon and consequently the Achilles tendon moment arm as it is involved
in any human movement including the lower limb (i.e., walking, cycling).
Three experimental chapters were performed. In the first experiment, two different
methods of determining Achilles tendon moment arm were analysed. In the second ex-
periment, methodological differences between these two methods were compared across
different joint angles and contraction states. Results from the first two experiments were
then used to determine how methodological and anatomical influences on Achilles tendon
moment arm would alter the quantification of muscle-tendon forces during a complex lower
limb motor task (submaximal cycling).
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Chapter 2
5
2 Review of literature
2.1 General significance of moment arm measurements
To understand the importance of moment arms for the human body to produce movement
and consequently for biomechanical modelling, one has to explore how the underlying
structures that cause movement are linked together and how they interact. In order to
produce any motion or movement, the production of forces is needed. It is well documented
for skeletal muscles how the contractile elements of the muscles fibres produce muscular
forces based on the cross-bridge theory as well as the force-length and force-velocity re-
lationship (Delp et al., 1990; Herzog, Read, & Keurs, 1991; Huxley, 1957; Zajac, 1989).
In order to transfer the muscular forces to the joints to produce the desired movement,
the skeletal muscles are in series with tendons that insert onto the skeleton (Buchanan
et al., 2004; Zajac, 1989). To cause a segmental rotation and therefore a torque about
the joint, the tendon does not insert at the centre of the joint but inserts at a distance
acting as a lever (principle of Newton’s second law of motion). The perpendicular dis-
tance between the centre of the joint and the muscle-tendon unit is defined as the moment
arm (Pandy, 1999; Spoor et al., 1990). As the rotational torque can be calculated as the
product of the muscular forces times the corresponding moment arms, the importance of
moment arm length becomes apparent. For example, a given amount of muscular force will
produce a greater rotational torque if the moment arm is greater. Therefore, the length
of the moment arm has a direct influence on joint torque, power and work output but
also on movement economy (Miller & Melissa Gross, 1998; Nagano, Komura, Himeno, &
Fukashiro, 2003; Raichlen et al., 2011; Scholz et al., 2008; Voigt, Bojsen-Møller, Simonsen,
& Dyhre-Poulsen, 1995). Recently, the anatomical advantage of the gear ratio of long dis-
tance runners and sprinters is discussed within the scientific community (Raichlen et al.,
2011; Scholz et al., 2008). As an example of the importance of moment arms, their results
show that the running economy is strongly related to the Achilles tendon moment arm
(MAAT ) which transfers the plantarflexor forces to the ankle joint. Scholz et al. (2008)
reported shorter MAAT for long distance runners measured by 2d photographic images
causing a greater storage and release of elastic strain energy (Raichlen et al., 2011). How-
ever, these finding are in contrast to the MAAT s results determined by Baxter et al. (2011)
and Lee and Piazza (2009) using magnet resonance imaging. The authors demonstrated
that the MAAT s for sprinters were shorter in comparison to non-sprinters. Interestingly,
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in a recent study by Karamanidis et al. (2011) the tendon excursion method (An, Ueba,
Chao, Cooney, & Linscheid, 1983) using ultrasonography was applied. The authors found
no significant correlation between sprint performance and MAAT . Within this context, as
all three studies used different methods to estimate MAAT , the question arises of whether
the method used can influence the MAAT length. Regardless of the potential influence
of methods on moment arm estimates, the knowledge of moment arms helps us to better
understand the underlying mechanism of human movement such as muscular forces as the
moment arm is needed to determine muscular forces from angular torques.
2.2 Significance of moment arm within the context of
biomechanical modelling
The aim of biomechanical modelling techniques is to replicate and analyse human move-
ment in order to explore the underlying mechanisms that cause the movement (Winter,
2009). Direct measurements of in vivo muscular forces can be performed using for ex-
ample a buckle-type force transducer which has to be surgically implanted (Fukashiro,
Komi, Ja¨rvinen, & Miyashita, 1993; Gregor, Komi, Browning, & Ja¨rvinen, 1991; Komi et
al., 1987) or an optic fibre technique which has to be inserted through the force carrying
structure (i.e. tendons) (Finni et al., 1998) The use of these invasive techniques has to be
performed under local anaesthesia. While these techniques provide valuable information
about the force production of muscles, their practical application is limited due to their
invasive nature.
As an alternative to the invasive direct measurements, researchers have estimated mus-
cular forces or muscular torques indirectly using alternative biomechanical modelling tech-
niques, such as the inverse or forward dynamics approaches in order to analyse human
movement (Winter, 2009). Studies using inverse and forward dynamics to estimate mus-
cular forces or joint torques include, for example, walking (Anderson & Pandy, 2001;
Piazza & Delp, 1996; Thelen & Anderson, 2006; Zajac, Neptune, & Kautz, 2002), jump-
ing (Pandy & Zajac, 1991) and cycling (Fregly & Zajac, 1996; Gregor et al., 1991; Hull
& Jorge, 1985; Martin & Spirduso, 2001; Neptune & Hull, 1998; Raasch, Zajac, Ma, &
Levine, 1997).
Within this context, in order to compute muscular torques and consequently muscular
forces, inverse dynamics uses kinematic measures such as the position, velocity and ac-
celeration of body segments obtained using motion analysis as well as kinetic measures
that act on the human body such as ground reaction forces obtained from force platforms
(Winter, 2009). In addition to the kinematic and kinetic measures, information about the
segmental masses, moment of inertia and the centre of mass are needed which have to
be scaled to the participant’s anthropometrics using regression equations (Jensen, 1989;
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Winter, 2005). To compute the net muscular forces that produce the muscular torques,
information about the corresponding musculoskeletal geometry to estimate the moment
arms of the muscles are needed. Ericson, Ekholm, Svensson, and Nisell (1985), for exam-
ple, divided the plantarflexor torque during cycling by a constant moment arm. However,
it has been shown that moment arm changes as a function of joint angle (Delp et al., 1990;
Grieve, Pheasant, & Cavanagh, 1978; Klein, 1996; Maganaris et al., 1998a). By assuming
a constant moment arm throughout the range of motion of the ankle joint, the resulting
muscular forces are over- or underestimated. When using musculoskeletal models such as
OpenSim or SIMM which include information about the geometry of the muscle-tendon
unit as well as the bony segments (Delp et al., 1990; Wickiewicz, Roy, Powell, & Edger-
ton, 1983; Yamaguchi, Sawa, Moran, Fessler, & Winters, 1990); the angle dependence of
moment arms can be taken into account using the tendon excursion method (An et al.,
1984). The tendon excursion method computes the moment arm as the ratio of changes
in muscle-tendon length to changes in joint angle (Buchanan et al., 2004). The origin
and insertion of the muscles and tendons as well as the paths of the muscle-tendon units
have to be well defined in the model as they define the length of the muscle-tendon unit
(Erdemir, McLean, Herzog, & van den Bogert, 2007).
Alternative to the application of moment arms within the context of multi-joint move-
ments using inverse or forward dynamics, researcher determined muscular torques and
muscle moment arms to calculate muscular forces at single joint movements (Blazevich,
Coleman, Horne, & Cannavan, 2009; Maganaris, 2003a; Morse et al., 2008). To estimate
the individual moment arm, researchers have used different methods such as the tendon
excursion method (An et al., 1984; Grieve et al., 1978; Spoor et al., 1990) and the centre
of rotation method (Reuleaux, 1875; Rugg et al., 1990) in vitro (Hintermann, Nigg, &
Sommer, 1994; Klein, 1996; Spoor et al., 1990; Visser, Hoogkamer, Bobbert, & Huijing,
1990) as well as in vivo using magnet resonance imaging (MRI) (Maganaris et al., 1998a;
Rugg et al., 1990; Spoor & van Leeuwen, 1992; Wood et al., 2006) and ultrasonography
(Fukunaga, Ito, et al., 1996; Ito et al., 2000; Lee & Piazza, 2009; Maganaris, 2003a),
an approach combining ultrasonography and motion analysis (Manal et al., 2010) for the
ankle joint as well as methods specifically for the knee such as instant centre of rotation
(Smidt, 1973), the tibiofemoral contact point (Baltzopoulos, 1995; Kellis & Baltzopoulos,
1999) and the geometric centre of the posterior femoral condyles (Tsaopoulos et al., 2009).
Within this context, measurements of in vivo moment arms using MR imaging have
shown that the moment arms not only change as a function of angle but also as a func-
tion of contraction as it significantly increased from rest to measurements taken during a
maximal voluntary contraction (MVC) (Maganaris et al., 1998a, 1999). In these studies,
the researcher used the centre of rotation methods (Reuleaux, 1875; Rugg et al., 1990) to
estimate the Achilles and tibialis anterior moment arm as the perpendicular distance from
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the line of force (i.e. Achilles and tibialis anterior tendons) to the centre of rotation of the
ankle joint. In contrast, when using the tendon excursion method to estimate the moment
arms from rest and MVC, the researcher did not find an increase in moment arm length
(Maganaris, Baltzopoulos, & Sargeant, 2000; Maganaris, 2000). As estimates of moment
arm as part of the model parameter greatly influence the prediction of muscular forces and
torque (Maganaris, Baltzopoulos, Ball, & Sargeant, 2001; Menegaldo & Oliveira, 2009),
the increase in moment arm as a function of contraction state should be included in the
musculoskeletal models.
2.3 Methodological considerations
For lower limb models, the Achilles tendon is the most important force carrying structure,
as it connects the plantarflexor muscles of the triceps surae to the ankle joint. To date,
there have been two methods to determine the MAAT in vitro and in vivo which have
become popular within the scientific community: the tendon excursion (TE) and the
centre of rotation (COR) method which will be explained in more detail in the context of
this thesis.
2.3.1 Derivation of the tendon excursion method
The TE method is based on the relationship between changes in muscle-tendon length
with respect to joint rotation. The resulting moment arm is defined as the derivative of
this relationship (An et al., 1984; Grieve et al., 1978). In comparison to the COR method,
no knowledge of the centre of the joint is needed. Over the years, researchers have used
different approaches to derive equations to calculate moment arms. In an in vitro study,
Grieve et al. (1978) quantified the length changes of the gastrocnemius medials muscle-
tendon unit by rotating the specimens’ ankle and knee joint through their range of motion.
While one of the joints stayed constant, the other joint was rotated in increments of 10°.
The resulting muscle-tendon displacement was manually measured for each joint rotation.
The authors reported an equation to predict muscle-tendon length (∆L, expressed in
terms of percent of segment length) as a function of ankle and knee angles (θi, expressed
in degrees)
∆L = A0 +A1 · θi +A2 · (θi)2 (2.1)
which enables researchers to predict muscle-tendon length without direct measurements.
Following Grieve et al. (1978), Bobbert, Huijing, and van Ingen Schenau (1986) rearranged
equation 2.1 with respect to time. The aim was to calculate the moment arm (d) of the
triceps surae at the ankle joint by calculating the first derivative of the shortening and
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lengthening velocity (V):
V = A1 · θ˙i + 2 ·A2 · θi · θ˙i (2.2)
= θ˙i · d
In order to determine the resulting moment arm, the two terms in equation 2.2 are
equalised and solved for the moment arm (d)
d =
180
pi
· (A1 + 2 ·A2 · θi) (2.3)
Although the original equation 2.1 to determine the length of the gastrocnemius (Grieve
et al., 1978) was defined as a function of ankle and knee rotation, the influence of the
knee angle was neglected for the resulting moment arm (d) of the ankle (equation 2.3)
(Bobbert et al., 1986).
A different approach to calculate muscle moment arm was based on the equilibrium
equation and the principle of virtual work (An et al., 1984; Storace & Wolf, 1979). In
this context, Storace and Wolf (1979) applied the virtual work principle to derive the
force equilibrium equation. The virtual work principle states, that if an external torque
(T ) is being applied to a distal segment of a joint resulting in forces being generated in
muscles and tendons (Fi), the displacement of the tendons (∆Li) is a function of the joint
displacement (∆θ). In this context, ligaments are treated as inextensible and bony contact
points of joints as frictionless.
n∑
i=1
Fi ·
(
∆Li
∆θ
)
+ T = 0 (2.4)
In the above equation (2.4), the term
(
∆Li
∆θ
)
represents the moment arm for every muscle-
tendon unit (Ti) (An et al., 1983, 1984). In equation 2.4 an external torque (T ) was
applied to the joint. In contrast to An et al. (1984), Spoor et al. (1990) developed their
moment arm equation not by applying an external torque to the joint but by focusing
on how muscular forces (F ) change tendon length (∆L) and, as a consequence, causing a
joint rotation (∆θ) and joint torque (T )(see equation 2.5).
F ·∆L = T ·∆θ (2.5)
It is obvious that when rearranging equation 2.5 for torque (T ),
T =
∆L
∆θ
· F (2.6)
equation 2.6 represents the moment arm as described in equation 2.4. The advantage of
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equation 2.6 compared to 2.4 lies in the fact, that the moment arm from Spoor et al.
(1990) takes changes in the orientation of the force vector into account. When a force
acts perpendicular to a joint axis, the distance between the centre of rotation of the axis
and the line of force is defined as the moment arm. However, any deviation α from the
perpendicular angle would eventually change the corresponding moment arm as well as
the resulting joint torque. This deviation has to be taken into account. When applying
equation 2.6, changes in α can be taken into account by multiplying the moment arm with
sinα. In this context, the moment arm is called the effective moment arm (Spoor et al.,
1990).
Previous studies and findings using the tendon excursion method
The TE method has been used to estimate the MAAT in vitro (Grieve et al., 1978; Hinter-
mann et al., 1994; Klein, 1996; Spoor et al., 1990; Spoor & van Leeuwen, 1992), as well as
in vivo using MR imaging (Maganaris et al., 2000) and ultrasonography (Fath, Blazevich,
Waugh, Miller, & Korff, 2010; Karamanidis et al., 2011; Lee, Lewis, & Piazza, 2008; Lee
& Piazza, 2009; Maganaris, 2003a; Waugh et al., 2011) (see Table 2.1).
For the in vitro testing, the authors used a micrometry experimental measurement tech-
nique to determine muscle-tendon length changes as a function of joint rotation (Grieve et
al., 1978; Klein, 1996). More specifically, these studies demonstrated that MAAT increased
from dorsiflexion to plantarflexion across the range of motion of the ankle joint (20° dorsi
to 30° plantar). The exception of the in vitro studies is the study by Spoor et al. (1990)
who reported on increase in MAAT from dorsiflexion to the neutral angle followed by a
decrease in moment arm to the most plantarflexed angle.
Maganaris et al. (2000) were the first to apply the tendon excursion method in vivo
using MR imaging during rest and maximal voluntary contraction (MVC). To estimate the
MAAT using MR imaging, sagittal images of the ankle joint were taken every 15° over the
full range of motion. To define the change in tendon length, the Achilles tendon insertion
point on the calcaneus was tracked over two images by superimposing the shape of the
calcaneus. As a reference point, the tibia is considered the rotating segment (Maganaris
et al., 2000). The authors found no significant difference for MAAT using the tendon
excursion method at rest and during contraction state.
Since the use of real time ultrasonography has been shown to produce reliable and
valid measurements (Fukunaga, Ito, et al., 1996; Fukashiro, Rob, Ichinose, Kawakami, &
Fukunaga, 1995; Ito et al., 2000; Narici et al., 1996), the TE method using ultrasonography
during plantarflexion has been applied in a few studies (Karamanidis et al., 2011; Lee et
al., 2008; Lee & Piazza, 2009; Maganaris, 2003a). Although all studies were looking at
the Achilles tendon, absolute moment arms lengths differed significantly in size (see Table
2.1). These differences can only partially be explained by the testing protocol. Lee and
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Piazza (2009) manually rotated the foot from 20° dorsiflexion to 30° plantarflexion in three
seconds while performing a MVC. The displacement data were analysed by an automatic
tracking algorithm based on speckle tracking (Lee et al., 2008). In order to calculate
MAAT , a polynomial function was fitted through the tendon and angular displacement
data and differentiated at the angle of interest. In contrast, Maganaris (2003a) calculated
their MAAT over a range of 10° taking ultrasound still images ±5° from the ankle angle
of interest during rest. Interestingly, in a recent study by Karamanidis et al. (2011), the
authors applied the same technique as described by Maganaris (2003a). However, their
MAAT length results are shorter and are in line with those reported by Maganaris (2003a)
(see Table 2.1).
Limitations of the tendon excursion method
Errors may have been introduced in various ways for the moment arm estimation using
the TE method. First, in all in vitro and in vivo studies using the TE method, it is
assumed that the ankle joint axis is perpendicular to the scanning plane (i.e. sagittal
plane) (Hintermann et al., 1994; Klein, 1996; Lee & Piazza, 2009; Maganaris et al., 2000;
Maganaris, 2003a; Spoor et al., 1990). However, a deviation from this assumption can
lead to an underestimation of MAAT (Klein, 1996; Spoor et al., 1990) (see equation 2.6).
A similar effect on MAAT is the assumption that the muscle-tendon unit acts in a straight
line. This may be true in in vitro experiments using pulling devices, but it has been shown
that during in vivo conditions the line of force changes its orientation due to a significant
increase in muscle thickness (Maganaris, Baltzopoulos, & Sargeant, 1998c). However, care
has to be taken when applying the the TE method during muscular contraction. The
TE method is based on the principle of virtual work (An et al., 1984; Storace & Wolf,
1979) and therefore assumes that the work done by an external torque is equivalent to the
virtual work done by the muscles and tendons. Implicit in this is the assumption that no
energy is lost during a muscle contraction (ligaments are treated as inextensible and bony
contact points of joints as frictionless). Given that muscles and tendons store, release
and dissipate elastic energy during muscle contractions, the principle of virtual work is
violated, and this violation is likely to be more significant when large muscle forces are
produced. Additional errors may be introduced when measuring the displacement of the
muscle-tendon unit (∆L). The displacement of the muscle-tendon complex is dependent on
the conditioning of the tendon due to the tendon’s viscoelastic nature (Maganaris, 2003b).
Prior to in vivo experiments tracking the muscle-tendon junction using ultrasonography
(Lee et al., 2008), the tendon should be stretched a few times using maximum contraction
as the tendon properties are history and load dependent (Maganaris, 2003b). Within
this context, if the TE method is applied during submaximal or maximum contractions
without conditioning (Lee et al., 2008; Lee & Piazza, 2009), it has been reported that the
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displacement of the muscle-tendon complex measured at the muscle-tendon junction has
to be corrected for heel movement (Karamanidis et al., 2005; Maganaris, 2005). As the
heel lifts off the measuring device during the contraction, the calcaneus is shifted proximo-
distally by about 13 mm (Maganaris, 2005). When only measuring the displacement at
the muscle-tendon junction, this will lead to an underestimation of the muscle-tendon
displacement for a given angular rotation.
When calculating the moment arm based on the principle of virtual work and the equi-
librium equation (see equation 2.4), the external torque T must be equal to the sum of all
internal muscle and tendon forces F (An et al., 1984; Storace & Wolf, 1979). Therefore,
the presence of active or passive forces during passive ankle joint rotation would violate
the principle of virtual work and could affect the accuracy of the moment arm estimate. In
addition, Spoor et al. (1990) indicated that moment arm measurements might be depen-
dent on movement direction of the ankle joint (dorsiflexion-plantarflexion and vice versa)
due to hysteresis. This is in line with other studies looking at the loading and unloading of
the tendon (Kay & Blazevich, 2008). Differences in the magnitude of forces during load-
ing and unloading could result in differences in the reliability of moment arm measures
obtained during different movement directions.
Within the TE literature, researchers have modelled the ratio of tendon and angular
displacement (∆L/∆θ) with a first (Grieve et al., 1978; Ito et al., 2000; Maganaris et
al., 2000; Maganaris, 2003a), a second or third (Lee & Piazza, 2009; Murray, Delp, &
Buchanan, 1995) as well as a fifth polynomial fit or quintic spline (Spoor et al., 1990). A
higher polynomial fit accounts for specific changes in moment arm, especially at both ends
of the range of motion. However, the choice of how to best represent the ratio of tendon
and angular displacement seems to be unclear although it directly influences the MAAT
length especially at both ends of the range of motion.
Summary
Previous studies have demonstrated that MAAT can be determined using the TE method
in vitro and in vivo using different testing protocols such as micrometry, MR imaging and
ultrasonography. As a result, these studies have demonstrated that MAAT increases as
a function of ankle angle from dorsiflexion to plantarflexion. Additionally, it was shown
that the TE method cannot be used to determine changes in MAAT during muscular
contraction. For all approaches, the absolute length of the MAAT is similar with the
exception of MR imaging. When comparing these results to studies using alternative
methods such as a combination of ultrasonography and motion analysis (Manal et al.,
2010) or direct 3D moment arm estimates using MR imaging (Hashizume et al., 2011),
moment arm lengths are similar. However, when comparing the results of the TE method
using ultrasonography to results obtained using the centre of rotation method, the moment
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arm length is smaller for the TE method. Therefore, there seems to be a lack of research for
directly comparing different methods to determine MAAT to understand if these differences
in length are present.
2.3.2 Derivation of the centre of rotation method
As an alternative to the TE method, the MAAT can also be estimated using the COR
method. The calculation of the MAAT using this approach is based on the definition
that the moment arm is defined as the perpendicular distance of the COR of a joint to
the muscle-tendon line of force. In the particular case of the ankle joint, the Achilles
tendon is considered to be the line of force as it transfers the force of the triceps surae
to the calcaneus to create a plantarflexion movement of the ankle. In order to estimate
the MAAT based on this definition, the centre of the ankle joint as well as the path of
the Achilles tendon have to be located. In order to locate the COR of the ankle joint, a
geometric approach is used (Reuleaux, 1875). According to this approach, the rotation
axis or temporary centre of two bodies can be calculated if one of the segments is fixed in
space and the relative movement between the segments is measured. For the ankle, one
of the segments is the rotation axis of the ankle joint which passes through the talus bone
in a medial to lateral direction. The second segment is the tibia and fibula representing
the shank which rotates around the rotation axis of the ankle for dorsi- or plantarflexion
movement (van den Bogert, Smith, & Nigg, 1994). It is not important which segment is
defined as the fixed segment. Rugg et al. (1990), for example, chose the talus whereas
Maganaris et al. (1998a) the tibia as the fixed segment. However, in both cases the
researcher used MR imaging for their in vivo testing. The advantage of MR imaging, in
contrast to X-ray for example, is that MR imaging not only visualises bony structures but
also human tissue such as tendons as the contrast of the images is based on redirecting
water atoms. To determine the centre of rotation between the two segments at a specific
joint angle, MR images have to be taken, for example, 15° before and after the joint angle
of interest (Maganaris et al., 1998a, 2000; Rugg et al., 1990). It has been reported that
the range of angle (±15°) greatly influences the accuracy of the COR calculation (Panjabi,
1979; Panjabi, Goel, & Walter, 1982).
In order to define the two segments for the COR calculation, two identical anatomical
reference points are chosen on the rotating segment at the first angle (A, B; i.e. -15°) and
at the second after the rotation (A’, B’; i.e. +15°). The COR is defined as the intersection
of the perpendicular bisector lines of line AA′ and line BB′ by superimposing the two
images (±15°) on to the image of the joint angle of interest (see Figure 2.1). The resulting
COR is only one discrete point. The Achilles tendon line of action can be represented as
a straight line from the insertion point of the Achilles tendon (calcaneus) along the centre
of the tendon. Consequently, the MAAT can be measured as the perpendicular distance
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Figure 2.1. Schematic illustration of the centre of rotation method (COR) using Reuleaux’ geo-
metrical method. To determine the moment arm at 0° (ankle is perpendicular to the
tibia), scans at ±15° were used to determine the COR of the ankle joint. The tibia
was assumed to be constant throughout the rotation and the talus was the rotating
segment. The moment arm at 0° was defined as the perpendicular distance from the
COR of the ankle joint to the line of force, represented by the Achilles tendon.
15
from the Achilles tendon to the estimated COR of the ankle joint at the angle of interest
(Figure 2.1).
Previous studies and findings using the centre of rotation method
In vivo MAAT using MR imaging was first determined by Rugg et al. (1990). The authors
used a modification of Reuleaux’ graphical approach in order to determine the influence
of a fixed and a moving COR on the Achilles and tibialis anterior moment arm estimation
(Reuleaux, 1875; Sammarco, Burstein, & Frankel, 1973). To determine the fixed COR, the
ankle joint was rotated through its maximum range of motion from dorsi- to plantarflexion
while performing a submaximal contraction. The resulting fixed COR was defined as the
average location across the range of motion. In contrast, the moving COR was determined
multiple times over smaller ankle joint rotations (20°) across the full range of motion. As a
result, the authors found an increase of approximately 20% in MAAT from maximal dorsi-
to maximal plantarflexion. When comparing the influence of a fixed versus moving centre
of rotation on the resulting MAAT , there was no significant difference (although moment
arm was 3.1% greater when using a fixed COR) (Gregor et al., 1991; Rugg et al., 1990).
Maganaris et al. (1998a, 2000) extended these findings by determining the influence
of contraction state on MAAT estimates (i.e. rest vs. MVC). In their previous work, the
authors had shown using ultrasound, that the orientation of the triceps surae and therefore
the line of force for the COR method changed throughout a MVC due to a significant
increase in muscle thickness (Maganaris et al., 1998c). As a consequence, MAAT length
was 22% - 27% greater during MVC than during rest (Maganaris et al., 1998a). In contrast,
a recently published study by Baxter et al. (2011) did not find a difference in MAAT length
between rest and MVC using the same experimental setup. According to the authors, the
differences between the studies could be caused by the ankle strapping technique as well
as the level of co-contraction during the plantarflexion contraction. In addition, MAAT
also increased as a function of ankle angle from dorsi- to plantarflexion (about 25%) which
is in line with Rugg et al. (1990) and later studies (Maganaris et al., 2000; Maganaris,
2004; Maganaris, Baltzopoulos, & Sargeant, 2006; Magnusson, Aagaard, Rosager, Dyhre-
Poulsen, & Kjaer, 2001)(see Table 2.1). The length of MAAT is comparable across studies
as the sample size and anthropometric measures of the participants were similar.
Limitations of the centre of rotation method
When using the COR method to estimate MAAT , researchers also have to consider the
limitations of this approach. In general, errors can be introduced by not correctly rep-
resenting the anatomy of the ankle joint and its rotational axis and by the influence of
measuring errors due to human errors. Starting with the anatomical representation, there
are major limitations of the COR method using MR imaging. The first assumption is
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Table 2.1. Summary of Achilles tendon moment arm reported at rest over a full range of motion
(20° dorsiflexion to 30° plantarflexion)
Study MA length (mm) Type Method
Spoor et al. (1990) 27 - 55 in vitro TEa
Rugg et al. (1990) 51 - 60 in vivo COR1
Rugg et al. (1990) 49 - 59 in vivo COR2
Gregor et al. (1991) 47 - 53 in vivo COR2
Hintermann et al. (1994) 29 - 54 in vitro TEa
Klein (1996) 43 - 62 in vitro TEa
Maganaris et al. (1998a, 2000) 44 - 55 in vivo COR2
Maganaris et al. (2000) 43 - 56 in vivo TEb
Magnusson et al. (2001) 51* in vivo COR2
Maganaris (2003a) 51 - 70 in vivo TEc
Maganaris et al. (2006) 47 - 61 in vivo COR2
Lee and Piazza (2009) 42* in vivo TEc
Fath et al. (2010) 46 - 57 in vivo COR2
Hashizume et al. (2011) 46 - 56 in vivo COR2
Hashizume et al. (2011) 35 - 41 in vivo 3Dd
Karamanidis et al. (2011) 42* in vivo TEc
Baxter et al. (2011) 58.5* in vivo COR2
Sheehan (2012) 53* in vivo 3Dd
Note: TEa = tendon excursion method applied in cadaver specimens where the Achilles is directly fixed in a pulling
apparatus to measure tendon displacement; TEb = tendon excursion method applied using magnet resonance imag-
ing; TEc = tendon excursion method applied using ultrasonography; 3Dd = three dimensional direct measurements
using magnet resonance imaging (only -10° to 20°); COR = centre of rotation method based on graphical approach
with a fixed (COR1) and a moving centre of rotation (COR2) (Reuleaux, 1875; Rugg et al., 1990); * = measurements
only taken at 0°.
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based on the anatomical design of the ankle joint. The talar bone is part of two joints.
On the one hand the tibio-talar joint allowing plantarflexion-dorsiflexion movement and
on the other hand the talo-calcaneo-navicular joint allowing inversion-eversion movement
(Donatelli, 1996; Hicks, 1953; Lundberg & Svensson, 1993; Lundberg, Svensson, Ne´meth,
& Selvik, 1989; van den Bogert et al., 1994). It is often assumed that the plantarflexion
or dorsiflexion movement only occurs in 2D in a sagittal plane. This way the ankle joint is
treated as a planar mechanism (Ito et al., 2000; Maganaris et al., 1998a, 2000; Maganaris
& Paul, 1999; Rugg et al., 1990; Sammarco et al., 1973). While the tibio-talar joint only
has one degree of freedom, its axis of rotation is not perpendicular to the scanning plane
and changes as a function of ankle rotation (Isman & Inman, 1969; Leardini, OConnor,
Catani, & Giannini, 1999; Lundberg & Svensson, 1993; Lundberg et al., 1989; van den
Bogert et al., 1994). The misalignment of the sagittal scanning plane to the actual anatom-
ical rotation axis can be up to 10° and can be corrected by using trigonometry as described
in equation 2.5 (Isman & Inman, 1969; Spoor et al., 1990; van den Bogert et al., 1994).
Besides the error from the misalignment of the tibio-talar axis to the scanning axis, a shift
of the talo-calcaneo-navicular axis can also occur during muscular contraction (MVC) cre-
ating an inversion-eversion movement due to ligament compliance (van den Bogert et al.,
1994). In addition, when comparing the orientation of the talo-calcaneo-navicular joint
to the insertion point of the Achilles tendon on the calcaneus, a lateral deviation can be
noted. During loading of the Achilles tendon, this can cause an eversion of the calcaneus
(Donatelli, 1996; Maganaris et al., 2000). However, measurement errors due to misalign-
ments of the tibio-talar and talo-calcaneo-navicular joint compared to the scanning plane
cannot be taken into account when using the 2D geometrical approach to determine the
COR (Reuleaux, 1875). In a recent three dimensional approach to determine the MAAT ,
a misalignment between the saggital MR scan to the talocrural joint axis of 21.4° on the
transverse and 14.8° and the coronal plane was reported (Hashizume et al., 2011). As a
result, the length of 3D versus 2D MAAT s was significant smaller (p ≺ .01)(see Table 2.1).
In order to determine the COR for the moment arm estimation, images of the stationary
and rotating segments (i.e. tibia and talus) have to be taken over a deviation of angles
(Reuleaux, 1875). This approach incorporates two limitations. First, if images at ±15° are
taken, it is not possible to determine the COR and therefore the moment arm for angles
at the end of the range of motion. Second, if the range of 30° is reduced, errors in the
calculation of locating the COR rotation will be introduced (Panjabi et al., 1982; Panjabi,
1979; Spiegelman & Woo, 1987).
In addition, the multiple steps of applying Reuleaux’s method to determine the COR
can introduce errors. By not correctly superimposing overhead transparencies or not
accurately measuring the required distance of 10 cm and the 90° angles, the resulting COR
can deviate from the actual position (Maganaris et al., 1998a). Maganaris et al. (1998a)
18
reported a coefficient of variation for 15 repeated COR measures on one image of 4.8%
deviation in horizontal and of 4.1% deviation in vertical direction from a constant point
(Klein, 1996). This resulted in a 5.1% deviation of MAAT for intraday measures. Three
repeated scans for one participant showed a 7.9% coefficient of variation in moment arm
measurements. These studies demonstrate the importance of multiple COR measurements
for a given joint angle.
Finally, when applying the COR method during muscular contractions using MR imag-
ing, it is not possible to test the validity and reliability of participants’ maximal ankle
torque. While direct measurements on an isokinetic dynamometer are possible for famil-
iarisation purposes before the testing, a comparison to the MR testing cannot be made. In
addition, is has been shown that during maximal isometric contractions, it is difficult to
prevent ankle rotation by external strap fixation (Arampatzis et al., 2005; Magnusson et
al., 2001; Rosager et al., 2002). As the MR images are taken at the end of the contraction,
it is not possible to measure the angular displacement. For example, assuming that the
ankle rotation was similar for ±15° and for the neutral ankle angle (0°). Consequently,
the COR and therefore the moment arm would be not calculated at 0° but at a more
plantarflexed angle.
Summary
Previous studies have demonstrated that MAAT obtained using the COR method increases
as a function of ankle angle from dorsiflexion to plantarflexion as well as a function of
muscular contraction. The length of MAAT is similar in all studies using this method.
However, when comparing the MA length to results using the TE method, findings are
greater in almost all cases. Also, when comparing the MAAT length of this 2D to a recently
published study using 3D MR imaging (Hashizume et al., 2011), 3D MAAT results were
significantly smaller and more in line with results of the TE method (see Table 2.1).
2.4 Anatomical considerations
2.4.1 Achilles tendon moment arm changes as a function of ankle angle
Previous research has shown that MAAT changes as a function of ankle angle (Fukunaga,
Roy, Shellock, Hodgson, & Edgerton, 1996; Grieve et al., 1978; Klein, 1996; Maganaris et
al., 1998a, 2000). More specifically, MAAT was found to gradually increase as the ankle
joint is rotated from a dorsi- to a plantarflexed position. The only exception is an in vitro
study by Spoor et al. (1990) who reported first an increase in MAAT until 0° of ankle angle
(sole of the foot is perpendicular to the tibia), following a decrease. This might be due to
participant specific property of the ankle joint ligaments (Maganaris et al., 2000). When
comparing MAAT results obtained using the TE and the COR methods from Maganaris
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et al. (2000), the results indicate that MAAT changes in a similar way as a function of
ankle angles. However, the researcher did not statistically test this assumption.
On an anatomical level, the increase in MAAT from dorsi- to plantarflexion can be
explained by the shape of the calcaneus bone. During a plantarflexion rotation of the
ankle joint, the calcaneus bone shifts distally with respect to the COR of the ankle joint.
As the Achilles tendon inserts onto the distal end of the calcaneus, the distance between
the line of force and the COR of the ankle joint increases during plantarflexion. Therefore,
the MAAT increases during plantarflexion. On a physiological and biomechanical level,
the calculation at the end-ranges of the range of motion for the TE method is problematic
because of the hysteresis effect of the tendon during the loading and unloading phase of
the tendon (Kay & Blazevich, 2008). As a consequence during the loading of the tendon,
a reduction in tendon displacement can be found for a given joint rotation which results
in shorter MAAT as reported during dorsiflexion (Rugg et al., 1990).
2.4.2 Achilles tendon moment arm changes as a function of contraction state
Maganaris et al. (1998a, 2000) were the first researchers to explore the effect of contraction
state (MVC) on the length of MAAT estimates. As a result of the maximal isometric
contraction, they found that MAAT length increased significantly from rest to MVC (22%
- 27%) across the range of motion. According to the authors, an explanation for the
increase in MAAT length can be the significant increase in muscle thickness during a MVC
(Maganaris et al., 1998c; Maganaris & Paul, 1999; Maganaris, 2004). As the contractile
elements of the muscle fibres are shortened during muscular contraction based on cross-
bridge theory (Herzog et al., 1991; Huxley, 1957), a direct result of the shortening is an
increase in the pennation angle of the muscle fibres (Buchanan et al., 2004; Maganaris &
Paul, 1999; Narici et al., 1996; Zajac, 1989) and consequently an increase in the thickness
of the muscle. For the MAAT calculation using the COR method, the Achilles tendon is
considered as the line of force which transfers the net plantarflexor forces to the ankle joint
(i.e. calceneus). Therefore, any deviation in the orientation of the line of force for a given
COR of the joint results in an increase or decrease of the respective MAAT length. As
the Achilles tendon is in series with the plantarflexor muscles, changes in the pennation
angle of the muscles and therefore in muscle thickness affects directly the orientation of
the Achilles tendon. The increase in pennation angle during muscular contraction causes
the Achilles tendon to deviate distally with respect to the tibia. As the distance between
the COR of the ankle joint and the line of force (i.e. the moment arm) is increased, the
MAAT is therefore increased (Maganaris et al., 1998a).
In contrast to the reported increase in MAAT , Baxter et al. (2011) did not find a
difference between rest and MVC estimates of MAAT . Besides using the same experimental
setup as Maganaris et al. (1998a), the authors explained their findings by a different
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strapping technique for the the ankle joint as well as the use of co-contraction during the
plantarflexion contraction. In addition, Maganaris et al. (2000) did not find a significant
difference of MAAT between rest and contraction state (MVC) for the TE method. Using
MR imaging, the displacement of the muscle-tendon unit was quantified as a change in the
orientation from the tendon insertion point on the calcaneus by superimposing the MR
images. According to Maganaris et al. (2000), the reason for the nonsignificant difference
was that the ratio and therefore the magnitude of the MAAT remained constant, although
∆L and ∆θ changed throughout the muscular contraction. Besides the aforementioned
study, other researchers applied the TE method during submaximal or maximal muscular
contractions (Fukunaga, Ito, et al., 1996; Ito et al., 2000; Lee & Piazza, 2009). Lee
and Piazza (2009) used a maximal muscle contraction in order to reduce the influence of
tendon tension while manually rotating the ankle joint through its range of motion (Lee &
Piazza, 2009, p. 3702). However, it has been shown that a preconditioning of the tendon
before the testing increases the reliability of muscle-tendon measurements (Hawkins, Lum,
Gaydos, & Dunning, 2009; Maganaris & Paul, 2000; Schatzmann, Brunner, & Sta¨ubli,
1998). Following these recommendations, a muscular contraction during ankle rotation as
described by Lee and Piazza (2009) for MAAT measurements is not needed. Besides these
experimental approaches to reduce the creep of the tendon, the use of the TE method
during maximal contractions has to be taken with care as the method is based on the
principle of virtual work (An et al., 1984; Storace & Wolf, 1979). The principle of virtual
work assumes that if an external torque is applied to a joint, the sum of all muscle and
tendon forces must be equivalent (see equation 2.4). Within this context, the ligaments
are assumed to be inextensible and bony contact points frictionless. This assumption,
however, ignores the energy storage capacity as well as the viscoelastic nature of the
tendon and soft tissue during the contraction (Fukashiro, Hay, & Nagano, 2006) which
violates the virtual work principle. This violation is likely to be more significant when
larger muscles are involved as during a muscular contraction.
2.5 Overall summary
Accurate estimates of MAAT play an important role when determining muscular forces
from joint torques or vice versa. Although the TE and the COR methods have been
frequently used, recent work suggests that MAAT length seems to be dependent on the
method used. For the TE method, different polynomial fittings have been used to model
the ratio of tendon and angular displacement (∆L/∆θ). However, it remains unknown
what effect the use of the different methods and polynomials have on the length and
reliability of the MAAT estimates. It is possible, that although the results of both meth-
ods differ in length, their relationship across ankle angles might be similar and therefore
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comparable even during muscular contraction.
2.6 Thesis aims and research hypotheses
In view of the present literature, the aim of the present thesis was to perform a direct
comparison between the TE and the COR methods in vivo and to document the effects
on the resulting MAAT . As moment arms have direct implications for musculoskeletal
modelling, the effect of MAAT obtained using the two methods and anatomical modifiers
(angle- and contraction-state-dependence) should be determined during submaximal cy-
cling. Three empirical studies were completed to answer the following aims and research
hypothesis.
Study 1: Aims
1. To directly compare in vivo MAAT s obtained by the tendon excursion and the
centre of rotation methods using ultrasound and MR imaging, respectively.
2. To test the reliability of MAAT measurements for the tendon excursion method
when using different polynomial fitting for the MAAT calculation.
3. To test the influence of movement direction of the ankle on the reliability of
MAAT s measures derived from the TE method.
Study 1: Research hypothesis
H0: In vivo MAAT obtained using the tendon excursion method will be significantly
smaller than the MAAT obtained using the centre of rotation method.
H0: Larger intervals or higher polynomial fittings for the ratio of tendon and angular
displacement data will result in more reliable measurements of MAAT .
H0: Passive dorsiflexion in comparison to plantarflexion rotations of the ankle will
result in a higher reliability of MAAT measures.
Study 2: Aims
1. To directly compare MAAT estimated using the TE method at rest and the
COR method during MVC.
2. To test for an interaction effect between moment arm methods, joint angle and
contraction state.
Study 2: Research hypothesis
H0: In vivo MAAT obtained using the tendon excursion method at rest will be
highly correlated to those obtained from the centre of rotation method during
a maximal voluntary contraction.
22
H0: There will be no significant interaction effect on MAAT between moment arm
method, joint angle and contraction state.
Study 3: Aims
1. To determine the influence of moment arm methods on the Achilles tendon
force during submaximal cycling using an inverse dynamic.
2. To determine the influence of MAAT which changes as a function of ankle angle
on the Achilles tendon force during submaximal cycling.
3. To determine the influence of MAAT which changes as a function of ankle angle
and contraction state on the Achilles tendon force during submaximal cycling.
4. To determine the influence of MAAT which changes as a function of ankle
angle, knee angle and contraction state on the Achilles tendon force during
submaximal cycling.
Study 3: Research hypothesis
H0: There will be significant differences in Achilles tendon force when using MAAT
obtained using the tendon excursion and centre of rotation methods during
submaximal cycling.
H0: There will be significant differences in Achilles tendon force when using MAAT
which changes as a function of ankle angle during submaximal cycling.
H0: There will be significant differences in Achilles tendon force when using MAAT
which changes as a function of ankle angle and contraction state during sub-
maximal cycling.
H0: There will be significant differences in Achilles tendon force when using MAAT
that changes as a function of ankle angle, knee angle and contraction state
during submaximal cycling.
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3 Direct comparison of in vivo Achilles
tendon moment arms obtained from
tendon excursion and centre of rotation
methods
3.1 Introduction
Quantifying human muscle forces in vivo is difficult because direct measurements are
highly invasive (Finni et al., 1998; Fukashiro et al., 1993). Therefore, muscle forces are
typically estimated indirectly using biomechanical modelling techniques. One method used
to estimate muscle forces is to calculate the ratio of the muscular torque about a joint
and the moment arm of the muscle or tendon of interest. A number of techniques exist to
obtain muscle moment arms, including cadaver dissection (Grieve et al., 1978; Hintermann
et al., 1994; Klein, 1996; Spoor et al., 1990), magnetic resonance (MR) imaging (Maganaris
et al., 1998a; Rugg et al., 1990) and ultrasound imaging techniques (Ito et al., 2000; Lee
et al., 2008; Lee & Piazza, 2009; Maganaris, 2003a).
Two of these methods in particular have become popular within the scientific com-
munity. The first technique uses sagittal plane 2D MR images to estimate the centre of
rotation of a joint (COR) (Reuleaux, 1875; Rugg et al., 1990). The perpendicular distance
between the centre of the joint to the line of action of the muscle or tendon of interest
is then measured directly (Maganaris et al., 1998a, 2006; Rugg et al., 1990). The second
technique is the tendon excursion (TE) method. Using the principle of virtual work (An
et al., 1984; Spoor et al., 1990), the moment arm is computed as the ratio between the
linear displacement of the tendon and the angular excursion of the corresponding joint
(Ito et al., 2000; Maganaris et al., 2000; Spoor et al., 1990). Thus, it does not require
knowledge of the location of the COR.
Both, the COR and the TE methods have advantages and disadvantages. One limitation
of the COR method is that the multiple steps of manual MR image processing required to
determine the COR can introduce errors in the COR calculation and therefore in the mo-
ment arm estimation (Maganaris et al., 1998a). Another disadvantage of the COR method
is the limited accessibility and relatively high costs involved in using MR scanners. A ma-
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jor advantage of MR imaging, however, is the high visibility of the underlying anatomical
structures about the joint. In particular, the line of force can be easily identified. The
major advantage of the TE method is that it does not require knowledge of the COR or
the line of action of muscle or tendon force. In addition, ultrasonography can be used for
the TE method, which is often easier to access and more time and cost efficient compared
to MR scanning. The main limitation of the tendon excursion method is the assumption
that no energy is lost as ligaments are assumed to be inextensible and bony contact points
frictionless (principle of virtual work) (An et al., 1984; Storace & Wolf, 1979). Thus, it
is assumed that both active and passive forces within the joint are negligible and that all
muscles spanning the joint of interest are inactive. As muscles and tendons store, release
and dissipate elastic energy during muscle contractions, the principle of virtual work is
violated.
Lee and Piazza (2009) used the TE method to determine in vivo values of Achilles ten-
don moment arms MAAT . Their MAAT s were smaller than those reported by Maganaris et
al. (1998a) who used the COR method. Whilst these differences can have multiple expla-
nations (including the use of participants with different anthropometric characteristics),
these findings raise the question as to whether MAAT obtained using these two meth-
ods are comparable. However, to our knowledge a direct comparison between these two
methods has not been made. Therefore, differences in the moment arms reported in the
literature cannot incontrovertibly be attributed to methodological differences. The first
aim of this study was to compare MAAT measures using the COR method (MR imaging)
and the TE method (ultrasound imaging).
When evaluating scientific measurement techniques, the reliability of the dependent
measure is another important consideration. Coefficients of variation (CVs) of MAAT s
obtained using the COR method have been reported to be 7.9% (Maganaris et al., 1998a,
2000). The mean between-day difference in moment arms obtained from the TE method
has been reported to be approximately 5% (Lee & Piazza, 2009). Together, these results
suggest that moment arms obtained using the TE method are potentially more reliable
than those obtained using the COR method. Therefore, the second aim of this study was
to compare the reliabilities of the moment arm measures obtained from the COR and the
TE methods.
When using the TE method, the moment arm is obtained by mathematically differenti-
ating the tendon displacement with respect to the corresponding joint angle. Two methods
have been used to perform this differentiation. The first method is to fit a straight line
between two tendon displacement values over a given angular displacement (Grieve et al.,
1978; Ito et al., 2000; Maganaris, 2003a; Maganaris et al., 1998a). The second method is
to approximate the relationship between linear tendon and angular joint displacements by
means of a 2nd- or 3rd-order polynomials and perform an analytical differentiation (Lee &
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Piazza, 2009; Murray et al., 1995). Within the context of the present investigation, it was
sought to understand how different differentiation methods would influence the relation-
ship between the moment arms obtained using the COR and the TE methods and affect
the reliability. Therefore, we used seven differentiation techniques to estimate the MAAT
using the TE method.
Finally, there is some evidence that MAAT obtained from the TE method might differ
depending on the movement direction of the passive rotation during which tendon excur-
sion and angular displacement are measured (Spoor et al., 1990). It has been speculated
that the presence of greater active or passive forces during loading of the tendon (dorsiflex-
ion rotations) compared to unloading (plantarflexion rotations) could contribute to these
differences. Understanding this potential discrepancy is important for two reasons. First,
the presence of active or passive forces violates the principle of virtual work and could
affect the accuracy of the moment arm estimate. Second, differences in the magnitude of
forces during loading and unloading could result in differences in the reliability of moment
arm measures obtained during different movement directions. Therefore, the third aim of
this study was to quantify the reliabilities of MAAT s derived from the TE method for two
rotational directions (dorsiflexion vs. plantarflexion rotations) and their relationship with
the MAAT s obtained from the COR method. To explain potential effects of movement di-
rection on MAAT s, the torques about the ankle joint arising during passive ankle rotation
were quantified (since the torque is the direct effect of all passive and active forces) and
compared it across rotational positions and movement directions.
3.2 Methods
3.2.1 Participants
To compare MAAT s derived from the COR and the TE methods (Aim 1), nine healthy
adults (7 male, 2 female) volunteered to participate in this experiment. Mean values and
standard deviations for age, stature and body mass were 31 (± 5) years, 180 (± 10) cm
and 81 (± 15) kg, respectively. Seven out of the nine participants (age = 30 ± 5 years,
stature = 183 ± 5 cm, body mass = 85 ± 13 kg) were tested three times for both the COR
and TE methods to quantify the reliability of each method (Aim 2). All participants were
physically active on a recreational basis and reported no recent lower limb musculoskeletal
injuries. The study was approved by the Human Research Ethics Committee of the School
of Sport and Education at Brunel University. The participants provided written informed
consent, and they were made aware of their right to withdraw from the study at any time
without penalty.
27
3.2.2 Experimental protocol: MR imaging
Participants were asked to lie supine on a wooden board (183 x 49 cm) placed inside a
3-Tesla MR scanner (Siemens Magnetom Trio syngo MR 2004A, Erlangen, Germany) with
their knee straight and the sole of their foot positioned against a custom-made wooden
block, which was attached to the board by six pins and two inelastic Velcro straps. This
wooden block determined the angular position of the ankle joint. Alterations of the ankle
position were achieved by attaching blocks of different shapes to the wooden board. MR
images (sagittal scans, TR = 600 ms, TE = 12 ms, 3 excitations, 300 mm field of view,
2 mm slice thickness) were taken at three ankle positions (expressed as the absolute foot
angle): 0° (neutral ankle position; the foot being in a vertical position), +15° and -15°
(plantar- and dorsiflexed position, respectively). Two inelastic Velcro straps were used to
secure the foot to the wooden block in its transverse plane. One additional Velcro strap
was secured around the distal part of the thigh.
Participants were instructed to remain relaxed whilst in the MR scanner. Before the
testing, to pre-condition the muscle-tendon complex, participants were asked to perform
three ramped isometric contractions to up to 50% of their perceived maximum at the
neutral ankle angle as well as three maximal voluntary contractions (Maganaris & Paul,
1999). All participants had been familiarised with the testing devices as well as the testing
protocol one day prior to their testing at the laboratories at Brunel University. During this
familiarisation, participants were introduced to perform maximal isometric contractions
as well as ramped contractions on an isokinetic dynamometer and were asked to replicate
those on the MRI testing device. For the testing, sagittal localiser pre-scans were used at
the level of the malleoli to ensure that the orientation of the talus and the Achilles tendon
were similar throughout the three ankle angles of interest (Maganaris et al., 1998a). The
duration of each scan was 147 s, and 25 slices were obtained. After each scan, the next
wooden ankle block was inserted for the scanning of the foot at a different ankle angle.
The order in which the different blocks were presented to the participants was from a
plantar- to a dorsiflexed ankle position. Seven out of the nine participants were scanned
three times at each angle. Once they were scanned at each of the three angles, [1] the
participants were removed from the scanner, [2] the wooden blocks were detached from
the board, [3] the board was taken out of the scanner, [4] the setup was re-assembled,
and [5] the participant was re-tested. This procedure was repeated two times (resulting
in three independent scans at each angle) to determine the inter-experiment reliability of
the scanning method (Aim 2).
Moment arm calculation using the centre of rotation method
MR images were processed using the iPACS viewer (version 4.230, San Bruno, CA, USA).
For every participant, the COR of the ankle joint, the line of action of the force (rep-
28
resented by the orientation of the Achilles tendon) and the MAAT was determined for
the neutral foot position (ankle angle of 0°). A detailed description of this technique has
been published previously (Maganaris et al., 1998a). Briefly, using Reuleaux’ method
(Reuleaux, 1875), the COR at an ankle angle of 0° was assessed using the MR scans taken
at ankle angles of -15° and +15° (see Figure 2.1).
The tibia was assumed to be fixed and the talus was assumed to be the rotating segment.
The outline of the tibia and talus were drawn onto an overhead transparency with the foot
in the dorsiflexed position (ankle angle of -15°). Two well defined anatomical points on
the talus (A, B) were chosen. Based on the small distance between the two points, they
were extended by drawing two straight lines subtending at a right angle 10 cm proximal
to the talus (Maganaris, 2004; Maganaris et al., 1998a). The shape of the tibia was
then superimposed onto the image taken at the plantarflexed position (ankle angle of
+15°) and the shape of the talus was drawn onto the same transparency. The same two
anatomical points of the talus (A’ and B’) in this second position were marked on the initial
transparency. Again, they were extended and drawn 10 cm proximal to the talus using two
straight lines subtending at a right angle. The COR was geometrically constructed as the
intersection of the perpendicular bisector of lines AA’ and BB’ as illustrated in Figure 2.1.
The line of force was defined as the line connecting the point of insertion of the Achilles
tendon into the calcaneus and the point 6 cm more proximal on the midline of the Achilles
tendon. For the definition of this line, the MR image obtained at the neutral foot position
(ankle angle of 0°) was used. The MAAT was then measured as the perpendicular distance
from the line of force to the COR.
Data processing
All morphometric measurements were analysed three times by the same investigator for
each MR image, and mean values across the three moment arm measures were taken for
further analysis. The mean CV across all nine participants for analysing an image three
times was 3.3 ± 1.5% (± SD). To quantify the reliability of MAAT s derived from the
COR methods between inter-experiment setups (Aim 2), the CVs were calculated using
the MAAT values obtained from repeated testing as described in the previous section (n
= 7).
3.2.3 Experimental protocol: Ultrasonography
Ultrasound imaging was conducted on a separate day to the MR imaging, but at the
same time of day. Participants were seated on an isokinetic dynamometer (Biodex System
3, Biodex Medical Systems, Inc., NY) with their right ankle securely fixed with Velcro
straps to a footplate to prevent any heel movement. The knee was fully extended and
the relative hip angle was set to 85°. The centre of the lateral malleolus was aligned with
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Figure 3.1. Schematic illustration of the relationship between ankle rotation and movement of the
muscle-tendon junction (MTJ) of the gastrocnemius medialis and the Achilles tendon.
The ankle was rotated from a dorsiflexed position of a minimum of -15° to a plan-
tarflexed position of a minimum of +30° (plantar) and vice versa (dorsi) at 10°·s−1
(five consecutive rotations resulting in three plantar- and two dorsiflexion rotations).
The MTJ shortened or lengthened according to the ankle rotation.
the rotation axis of the dynamometer. The thigh was securely fixed to the dynamometer
seat with inelastic straps to prevent any medial or lateral changes in the orientation of
the ankle alignment. To pre-condition the muscle-tendon complex, participants performed
five ramped isometric plantarflexions to up to 50% of their perceived maximal, as well as
three maximal isometric voluntary contractions (Maganaris & Paul, 1999). The maximal
range of motion of the ankle joint was then determined for each participant by manually
rotating the dynamometer until the participant felt discomfort; for all participants, the
limits of the range of motion were greater than -15° and 30° (dorsi- and plantarflexed
position, respectively).
Before the testing, the ankle was passively rotated through its range of motion at a
constant velocity of 10°·s−1 to familiarise the participant with the rotation. For the actual
test, the ankle was rotated passively through its range of motion five consecutive times:
three times from a dorsi- to plantarflexed position and two times from plantar- to a
dorsiflexed position (see Figure 3.1).
The mechanical concept underlying the TE method is the principle of virtual work (An
et al., 1984; Storace & Wolf, 1979). To minimise internal forces, we asked our participants
to relax their muscles throughout the range of motion. During the passive rotations, the
displacement of the muscle-tendon junction (MTJ) was recorded using B-mode ultrasound
with a 10 MHz, 40 mm linear probe (Esaote Megas GPX, Genova, Italy). The probe was
fixed in a custom-built foam cast, which was aligned smoothly with the skin. A water-
30
based transmission gel was placed between the skin surface and the ultrasound probe to
aid acoustic coupling and to avoid skin deformation. Care was taken to align the probe
with the movement direction of the MTJ in the sagittal plane. The ultrasound probe was
taped to the shank with zinc oxide tape to prevent probe movement.
The same subset of participants that was tested for the reliability of the COR method
was tested for the reliability of the TE method. For these participants, the probe was
removed and reattached. Before reattaching the ultrasound probe, any marks left by the
gel and the probe were removed to avoid bias in the replacement of the probe. This change
in setup was repeated two times for the purpose of quantifying the reliability of the TE
method between three experimental setups.
Data processing
All data were collected using Cortex 1.1.4 software (MotionAnalysis, Santa Rosa, CA) onto
a personal computer. Raw position and torque data from the isokinetic dynamometer
were analogue-digital converted at 1000 Hz using a 12 bit A/D card (NI PCI-6071E,
National Instruments, Austin, TX). Analogue ultrasound video data, sampled at 25 Hz,
were digitally converted with a digital video recorder (ADVC55, Grass Valley, Conflans
St. Honorine, France) connected via the SVHS port and saved onto a personal computer
as an uncompressed AVI (720 x 576) file. Ultrasound, position and torque data were
synchronised using an electrical trigger (Stimulator DS7A, Digitimer Ltd., Hertfordshire,
UK).
The MTJ of the gastrocnemius medialis was manually digitised using specialized imaging
software (ImageJ, 1.42q, National Institutes of Health, USA) for all three probe placements
and five full rotations (three plantar- and two dorsiflexion rotations). Raw tendon excur-
sion, raw angular position and raw torque data were processed in Matlab (version 7.4, The
MathWorks, Inc., Natick, MA). The raw angular position and torque data were filtered
using a low-pass digital 4th-order, zero-lag Butterworth filter with cut-off frequencies of
3.75 Hz for angular position and 12.47 Hz for torque, respectively. The filtered position
data were downsampled to 25 Hz to match the ultrasound data. Pixel coordinates of the
raw tendon excursion data were converted to millimeters with a conversion factor of 9.2
pixels per millimeter and filtered with a digital low-pass, fourth-order zero-lag Butterworth
filter with a cut-off frequency of 2.62 Hz. The cut-off frequencies for the low-pass filters
were determined by means of residual analyses (Winter, 2005) (see Appendix ??).
3.2.4 Moment arm calculation using the tendon excursion method and
determination of torques about the ankle joint
The MAAT at an ankle angle of 0° was calculated as the first derivative of tendon dis-
placement with respect to ankle angle (Figure 3.2). It was obtained using seven different
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Figure 3.2. Schematic illustration of the tendon excursion method. Achilles tendon moment arm
was calculated as the first derivative of the ratio of the change in muscle-tendon length
represented by the displacement of the muscle-tendon junction (MTJ) of the gastroc-
nemius medialis and the Achilles tendon (∆ MTJ) to the change in ankle angle (∆
angle). The derivative was calculated for 0°(ankle is perpendicular to the tibia) over
five linear intervals (±1°, ±2°, ±5°, ±10°, ±15° numbered as 1 to 5, respectively, in
the figure). In addition, a second- and third-order polynomial was fitted to the ratio
of the change in muscle-tendon length to the change in angle and differentiated at
0°(numbered 6 and 7).
differentiation methods: The slope of the lines connecting the tendon displacement data
over five different angular intervals (±1°, ±2°, ±5°, ±10°, ±15°) was calculated. Due to
the relatively low resolution of the tendon displacement data, they were spline fitted so
that the exact values at the ankle angles of interest could be found. In addition, second-
and third-order polynomials were fitted to the tendon displacement data. These polyno-
mials were then analytically differentiated at an ankle angle of 0°. These seven different
differentiation techniques were performed for each of the three passive plantar- and the
two passive dorsiflexion rotations. MAAT s were taken as the average across the plantar-
and dorsiflexion rotations, respectively, resulting in 14 different conditions (seven differ-
entiation methods two movement directions). These torques measured during the passive
rotations were reported for ankle angles of +25°, +15°, +5° (plantarflexed position) and
-5°, -15° (dorsiflexed position) for both movement directions and averaged across rotations
and participants.
3.2.5 Statistical analysis
To determine the absolute difference between the MAAT s obtained from the two methods,
two-tailed paired t-tests were performed (Bonferroni corrected). To determine the rela-
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tionship between the MAAT s obtained using the COR and the TE methods, 14 Pearson’s
product moment correlations and CVs were calculated. These represented the relationship
between the MAAT s obtained using the COR method and those obtained using each of
the 14 variations of the TE method. To quantify the reliability of the MAAT measures
between experimental setups, the CV for each participant for each method of determin-
ing the moment arm was calculated. These CVs were then averaged across participants
within each condition. To compare the torques between movement directions during the
TE method, a repeated measures MANOVA was performed. Dependent measures were
the torques measured about the ankle joint at the aforementioned ankle angles (+25°,
+15°, +5°, -5°, -15°). Post hoc paired t-tests (Bonferroni corrected) were then performed
at each angle. All analyses were performed using SPSS statistical software (v.15.0; LEAD
Technologies Inc., USA). Statistical significance was accepted at p ≺ .05.
3.3 Results
Moment arms obtained using the TE method were significantly smaller for all differenti-
ation methods and both rotational directions when compared to those obtained from the
COR method (p ≺ .01, Table 3.1 and Figure 3.3).
The mean percentage differences across all participants and differentiation methods were
29.3 ± 5.7% for plantarflexion rotations and 26.2 ± 6.0% for dorsiflexion rotations, re-
spectively (mean ± SD). In spite of the absolute differences between methods, the MAAT s
obtained using the COR method correlated well with those obtained using the TE method
(Table 3.1). The strength of this relationship was dependent upon the mathematical dif-
ferentiation technique and the movement direction of the ankle used for the TE method.
For the passive plantarflexion rotations, the relationship between MAAT s obtained from
the TE and the COR methods were stronger than for the passive dorsiflexion rotations (.64
≤ R2 ≤ .94 and .40 ≤ R2 ≤ .60 for plantarflexion and dorsiflexion rotations, respectively;
see Table 3.1).
With the exception of two conditions (±5°, 3nd-order polynomial during the dorsiflexion
rotation) all correlations were statistically significant (p ≺ .05) (Table 3.1). In general,
the use of polynomial differentiation and linear differentiation over larger intervals (±15°,
±10°) resulted in stronger correlations between both methods. The strongest relationship
between the two methods was found when tendon displacement was differentiated over an
angular interval of ±10°(R2 = .94) during plantarflexion rotations (Figure 3.4).
The inter-experiment CV for the MAAT s obtained using the COR method was 3.9%.
For the MAAT s obtained using the TE method, inter-experiment CVs ranged from 4.5% to
9.7%. These CVs were dependent upon the differentiation technique and the direction of
the passive foot rotation. Passive plantarflexion rotations tended to produce MAAT s more
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Figure 3.3. Comparison of Achilles tendon moment arm results between the center of rotation
(COR; MR imaging) and the tendon excursion (TE; ultrasound imaging) methods as
the mean of three consecutive plantarflexion rotations for the neutral ankle angle. The
moment arm calculated using the COR method was determined over a ±15° angular
interval using a geometrical approach. The moment arm for the TE method was
calculated over five different angular differentiation intervals (±15°, ±10°, ±5°, ±2°,
±1°) and two polynomial fitting procedures (2nd- and 3rd-order polynomials) as the
ratio of tendon to ankle displacement. COR: centre of rotation method; ± 15°, ± 10°,
± 5°, ± 2°, ± 1°: angular intervals for differentiation; 2°poly: 2nd -order polynomial
fit; 3°poly: 3rd -order polynomial fit. * indicates a significant difference between the
COR and the TE methods (p ≺ .01)
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Table 3.1. Pearson’s product moment correlations between Achilles tendon moment arm obtained
from COR and TE methods at a neutral ankle angle, as well as CV for interexperimental
set-ups
Differentiation Moment arm (mm)
techniques (mean ±SD) t(8) r R2 CV(%)
Plantarflexion rotations
Angular interval
±15° 37.2 ± 4.9 25.6** .92* .85 4.9
±10° 38.2 ± 5.3 32.0** .97* .94 5.1
±5° 38.3 ± 5.2 21.0** .91* .83 7.0
±2° 37.7 ± 6.1 12.9** .80* .64 8.5
±1° 37.9 ± 6.6 12.1** .82* .68 9.7
Polynomial fit
2nd order 37.2 ± 5.3 20.9** .90* .80 4.5
3rd order 39.7 ± 4.5 24.4** .93* .86 4.8
Dorsiflexion rotations
Angular interval
±15° 37.6 ± 3.3 16.7** .77* .60 8.5
±10° 39.2 ± 4.1 12.6** .69* .47 7.8
±5° 40.3 ± 4.8 9.9** .62 .39 7.5
±2° 40.9 ± 5.3 10.0** .71* .50 7.3
±1° 41.0 ± 5.5 10.1** .73* .53 9.0
Polynomial fit
2nd order 37.6 ± 4.8 13.6** .71* .50 7.0
3rd order 40.5 ± 4.0 10.6** .63 .40 8.0
Note: Values are mean ± SD for moment arm; n = 9 for Pearson’s product-moment correlations between Achilles
tendon moment arm obtained from centre of rotation (COR; magnetic resonance imaging) and tendon excursion
(TE; ultrasound imaging) methods, n = 7 for coefficient of variation (CV) for 3 interexperiment set-ups.
* indicates a significant correlation of Achilles tendon moment arm using the TE and the COR method (p ≺ .05)
** indicates a significantly smaller Achilles tendon moment arm using the TE method compared to the COR method
(p ≺ .01, two-tailed, Bonferroni corrected)
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Figure 3.4. Highest correlation between Achilles tendon moment arms calculated using the centre
of rotation method (COR) using MR imaging and the tendon excursion method (TE)
using ultrasonography. For the COR method, the moment arm was determined over
a ±15° angular interval using a geometrical approach. For the TE method, tendon
displacement of the muscle-tendon junction of the gastrocnemius medialis and the
Achilles tendon was differentiated over an angular interval of ±10° (i.e. 20° range) for
three consecutive plantarflexion rotations.
36
A
n
k
le
 t
o
rq
u
e
 (
N
m
)
Figure 3.5. Loading and unloading curves of torques about the ankle joint measured during pas-
sive rotations. The ankle joint was rotated from a plantarflexed position of 30° to a
dorsiflexed position of 15° three times at 10°·s−1 and two times vice versa. * indi-
cates a significantly smaller torque about the ankle joint during plantar- compared to
dorsiflexion rotations (p ≺ .01, two-tailed, Bonferroni corrected).
reliably when compared to passive dorsiflexion rotations (Table 3.1). The smallest CV
when using the TE method was found when a 2nd-order polynomial was fitted to the ratio
of tendon and angular displacement data during plantarflexion and differentiated at 0° (CV
= 4.5%). Furthermore, it was found that linear differentiation over the smaller angular
intervals produced less reliable MAAT s when compared to polynomial differentiation or
linear differentiation over larger intervals. The CV for the differentiation method with
the strongest relationship between the two methods (linear differentiation over ±10° ankle
angle during plantarflexion rotations) was 5.1% (Table 3.1).
The repeated measures MANOVA revealed a significant main effect of rotational di-
rection on torques about the ankle joint (Wilks’ ∆ = 0.036, F (5, 4) = 21.36, p ≺ .05).
Post-hoc t-tests revealed that torques about the ankle joint derived during the plantarflex-
ion rotations were significantly smaller than those during dorsiflexion rotations at all foot
angles (see Figure 3.5).
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3.4 Discussion
The first aim of this study was to compare MAAT using the COR method (MR imaging)
and the TE method (ultrasound imaging). Previous research suggests that the use of
different methodologies of determining MAAT may lead to differences in moment arm
estimates. However, this speculation has not been confirmed conclusively. Our results
demonstrate that the MAAT magnitude depends on the method employed. Absolute
MAAT values obtained from the COR method were more than 25% greater than those
obtained from the TE method. Possible explanations for these differences in MAAT s lie
in the assumptions of each method. When using the COR method, it is assumed that the
ankle is a hinge joint and that the talus, as the rotating segment, moves in the sagittal
plane. The fact that ankle plantar- and dorsiflexion rotations are typically accompanied
by inversion or eversion at the subtalar joint (Donatelli, 1996; Isman & Inman, 1969) is
therefore neglected. Any inversion or eversion could change the shape and orientation
of the talus and could therefore cause errors in the determination of the two anatomical
reference points needed to calculate the COR. Furthermore, the repeated need for the
manual drawing of lines to geometrically construct the COR may result in an erroneous
estimation of its position (Panjabi, 1979; Panjabi et al., 1982). The summation of these
errors could lead to an overestimation of the MAAT , which is a potential explanation for
MAAT s being greater when derived from the COR method compared to the TE method.
When using the TE method, it is assumed that no elastic energy is stored or dissipated
during the passive rotation (principle of virtual work) (An et al., 1984; Storace & Wolf,
1979). However, during dorsiflexion rotations significant increases in the torques measured
about the ankle joint were found, suggesting the storage and release of elastic energy of
the muscles and tendons which has an affect on the length of the muscle-tendon unit
and consequently on the position of the MTJ. Such elestic energy could result in an
underestimation of tendon displacement for a given joint angular displacement. A possible
consequence is an underestimation of the MAAT , which is a potential explanation for the
smaller MAAT s derived from the TE method when compared to the COR method.
Our observed dependence of MAAT s on the method employed has vast implications
regarding the development and interpretation of musculoskeletal models. First, knowledge
of the method used to determine Achilles tendon moment arm is crucial to accurately
interpret results derived from musculoskeletal models. Second, these results need to be
taken into consideration when developing such models. When developing a musculoskeletal
model, it is important to test the sensitivity of its outputs to variations in the estimation of
its parameters. Ranges for such sensitivity analysis are typically equal to or less than 10%
of the relevant estimated parameter (Redl, Gfoehler, & Pandy, 2007; Xiao & Higginson,
2010). Our results suggest that sensitivity analyses should cover a wide range (i.e., up to
30%) when a model’s sensitivity to variations in MAAT is evaluated.
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Our findings raise the question as to which method is the most appropriate to use. Using
Reuleaux’ geometrical approach (Reuleaux, 1875), the determination of the COR coor-
dinates are susceptible to errors due to the numerous manual processing steps (Panjabi,
1979; Panjabi et al., 1982). A recent study used motion analysis in combination with ul-
trasonography to estimate MAAT with fewer processing steps and therefore less potential
for errors (Manal et al., 2010). The authors assumed the COR to be the midpoint of the
line connecting the medial and lateral malleoli and measured the distance between this
point and the line of action of the force. The resulting MAAT s were similar to those ob-
tained from the TE method in the present investigation. MAAT s obtained from cadavers
(Spoor et al., 1990) are also more similar to our MAAT s derived the TE method when
compared to the COR method. Therefore, the MAAT s obtained from the TE method are
potentially closer to the true MAAT of the Achilles tendon than those obtained from the
COR method.
Despite the differences in absolute MAAT values, an important finding of the present
study was that there was a strong relationship between the MAAT s obtained from the
TE and the COR methods when measured at the neutral ankle angle. The strength of
this relationship was dependent on the differentiation method used and the direction of
the passive foot movement. Stronger relationships between the COR and the TE method
were found when the foot was passively plantarflexed. A possible explanation for the
dependence of the strength of the relationship on movement direction is the difference in
torques about the ankle joint between plantar- and dorsiflexion rotations (Kay & Blazevich,
2008). The greater torque observed during dorsi- compared to plantarflexion rotations
could potentially result in a reduction in tendon elongation for a given ankle rotation, and
therefore a less accurate MAAT estimate and weaker relationship with the MAAT s derived
from the COR method. Furthermore, the MAAT s derived from the TE method were more
strongly correlated to those obtained from the COR method when linear differentiation
was performed over larger angular intervals. When using polynomials to differentiate the
tendon excursion data, the correlations were similar to those obtained from the linear
differentiation over the large intervals. The result that both methods correlated well
across participants is important as it implies that MAAT differences and changes across
participants (e.g. during growth) are independent of the method being used.
The second aim of the present study was to determine the reliability of repeated MAAT
measurements for both the COR and the TE methods. The mean CV describing the
reliability of moment arms obtained from the COR method between experimental set-ups
(3.9%) is similar to previously published values (Lee & Piazza, 2009; Maganaris et al.,
2000) and is demonstrative of good reliability of the COR method. The CVs describing
reliability between experimental setups for MAAT s obtained from the TE method ranged
from 4.5% to 9.7% for plantarflexion and 7.0% to 9.0% for dorsiflexion rotations, depending
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on the differentiation method used. The magnitude of this variability is also comparable to
that reported in previous studies (Fukunaga, Ito, et al., 1996; Ito et al., 2000; Lee & Piazza,
2009). Our findings extend previous results by demonstrating that the TE method is most
reliable when using polynomial fitting to differentiate tendon displacement with respect
to joint rotation. Furthermore, MAAT s were more reliable when tendon displacement
was differentiated over larger angular intervals (±15°, ±10°) than over smaller intervals
(±1°, ±2°) during plantarflexion rotations. The likely reason for this finding is that minor
deviations in tendon excursion resulting from errors in digitising the position of the MTJ
are magnified when tendon length is differentiated over smaller angular intervals.
The third aim of the present study was to explore the influence of movement direction
on the reliability of MAAT s measures derived from the TE method. As a result, the
variability of the MAAT s between experimental set-ups was considerably greater during
dorsiflexion than during plantarflexion rotations, independent of the differentiation method
(Table 3.1). The higher CVs observed during dorsiflexion rotations can potentially be
explained by the significantly higher torques about the ankle joint for this movement
direction. These are indicative of active or passive forces, which violate the assumption
of virtual work, and could thereby reduce the reliability of the MAAT estimates. Our
results have implications for researchers who wish to use the TE method to derive MAAT ;
based on both the smaller CVs and the stronger correlations with MRI-derived MAAT s,
using passive plantarflexion rotations and polynomial or large interval differentiation can
be recommended. An additional advantage of using a polynomial fitting to differentiate
tendon excursion with respect to ankle angle is that the moment arm can be determined
over the recorded range of angles (although the validity and reliability of such a procedure
was not subject of this study).
In summary, significant differences in absolute MAAT derived from the COR (MR imag-
ing) and the TE (ultrasound imaging) methods were found. This result has important
implications for musculoskeletal modelling, as the method used to determine MAAT can
substantially influence the output of such models. Our results make it clear that when
using MAAT s (e.g., for musculoskeletal modelling), serious consideration needs to be given
to the limitations associated with the method used to derive them. This could be done
by choosing appropriate limits for performing sensitivity analyses on MAAT to account
for the significant between-method differences (up to 30%). Furthermore, the present re-
sults allow us to retrospectively compare published tendon force data more accurately as
considerable absolute differences but strong relationships between the two methods were
shown. These findings are useful for researchers who are interested in examining moment
arm differences between populations (e.g., training-, gender- or growth-related) as popu-
lation differences are likely to be consistent, independent of the method used. Finally, a
good reliability of both methods was demonstrated, which suggests that they are robust
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against their limitations. Collectively, the present results will help researchers to make
more informed decisions about which method to use when determining MAAT in vivo.
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Chapter 4
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4 Interactive effects of joint angle,
contraction state and method on
estimates of Achilles tendon moment arms
4.1 Introduction
Muscle-tendon moment arms (MAAT ) are important input parameters for musculoskeletal
models. MAAT has been estimated in vivo using both the tendon excursion (TE) (Lee
et al., 2008; Lee & Piazza, 2009; Maganaris, 2003a) and the centre of rotation (COR)
methods (Maganaris et al., 1998a, 2000). Recently, MAAT magnitude was reported to
be significantly smaller when the TE method was used compared to the COR method.
However, both methods correlated well across participants for a range of joint angles
(see chapter 3) (Fath et al., 2010). Thus, the possibility exists that while MAAT esti-
mates might differ between the methods, the joint-angle dependent changes in MAAT are
relatively consistent. Furthermore, MAAT changes with the level of muscle contraction
(Maganaris et al., 1998a). However, contrary to the COR method, the measurement of
MAAT using the TE method during muscular contraction (MVC) is associated with severe
limitations. The TE method is based on the principle of virtual work (An et al., 1984;
Storace & Wolf, 1979) and therefore assumes that the work done by an external torque
is equivalent to the virtual work done by the muscles and tendons. Implicit in this is the
assumption that no energy is lost during a muscle contraction. Given that muscles and
tendons store, release and dissipate elastic energy during muscle contractions, the principle
of virtual work is violated, and this violation is likely to be more significant when large
muscle forces are produced. Using the relationship between moment arms obtained from
the TE method at rest and those obtained using the COR method during a MVC might
therefore be a more meaningful way of accounting for contraction-dependent changes in
moment arms derived from the TE method.
Therefore, the overall purpose of this experiment was to investigate the interactive
effects of method, joint angle and contraction level on MAAT estimates. The specific
aims were: (1) to test the assumption that the MAAT estimated using the TE method at
rest (TErest) would be related to estimates obtained using the COR method during MVC
(CORMVC), and (2) to test the assumption that joint angle-related changes in MAAT
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would be independent of method and contraction state.
4.2 Methods
With institutional ethical approval and after providing written informed consent, six
healthy adults (4 men and 2 women) participated in this study (age = 30 ± 6 years,
stature = 1.76 ± 0.11 m, mass = 74 ± 14 kg).
MAAT about the right ankle joint was obtained using both the COR (at rest and during
MVC) and TE (at rest) methods. For the COR method, participants were asked to lie
supine in a 3-Tesla magnetic resonance (MR) imaging scanner (Siemens Magnetom Trio
syngo MR 2004A) with their leg straight (i.e. knee angle = 180°). The foot was securely
fastened with two inelastic Velcro straps. MR images were taken during rest and MVC
(sagittal scans, TR = 600 [20] ms, TE = 12 [5] ms, 3 [1] excitations, 300-mm field of
view, 2 [3]-mm slice thickness for rest and MVC [ ]) at six different ankle positions (-30°
to +45°, in 15° increments; 0° = ankle perpendicular to tibia). Using the MR images,
the COR of the ankle joint, the line of action (of the Achilles tendon) and consequently
the MAAT were determined during rest and MVC at -15°, 0°, 15° and 30° ankle angles
using the Reuleaux method as previously described by others in detail (Maganaris et al.,
1998a; Reuleaux, 1875) (Figure 2.1). One day prior to the testing, participants had been
familiarised with the testing device and the protocol at Brunel University. Since torque
measurements during the MRI testing were not possible, participants had been introduced
to perform maximal isometric contractions using an isometric dynamometer. During the
MR testing, participants were asked to replicate these contractions.
For the TE method, participants were seated on an isokinetic dynamometer (Biodex
System 3, Biodex Medical Systems, Inc., NY) with their right knee straight (180°) and a
relative hip angle of 85°. The right foot was secured firmly to the dynamometer’s footplate
with the lateral malleolus aligned with the COR of the dynamometer. The ankle was
passively rotated through its range of motion by the dynamometer five consecutive times
at 10°· s−1. For all participants, the range of motion was greater than -15° (dorsiflexion)
and 30° (plantarflexion). To determine tendon displacement, a 10-MHz B-mode, 40-mm
linear ultrasound probe (Esoate Megas GPX, Genova, Italy) was placed over the muscle-
tendon junction (MTJ) of the gastrocnemius medialis (GM). Raw position data (sampled
at 1000 Hz) from the isokinetic dynamometer were low-pass filtered (4th-order butterworth,
zero-lag, 3.75 Hz cut-off). Analogue ultrasound video data were sampled at 25 Hz. The
positions of the MTJ and the Achilles tendon were manually digitised, low-pass filtered
(4th-order butterworth, zero-lag, 2.63 Hz cut-off) and downsampled to 25 Hz. The tendon
and joint angular displacement data were plotted against joint angular displacement over
the interval of -15° and 30°, and approximated by fitting a 2nd-order polynomial (mean (±
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SD) coefficient of determination 0.996 ± 0.002). To calculate the MAAT , the polynomial
was analytically differentiated at the four ankle angles of interest. MAAT measurements
were analysed three times at each angle for each method. The coefficient of variation was
smaller than 5% for all conditions. More detailed descriptions of the experimental protocol
and the derivation of MAAT are described in chapter 3.
To determine the relationship between TErest and CORrest as well as TErest and
CORMV C , eight Pearson’s product moment correlations were performed (one at each an-
gle for each comparison). To test if MAAT obtained using TErest, CORrest and CORMV C
would change similarly as a function of ankle angle, and, to determine if this change was
independent of muscular contraction level, a repeated measures ANOVA (3×3, TErest,
CORrest, CORMVC at ankle angles of -15°, 0° and 15°) was performed. Here, a method
× angle interaction was tested. To test this effect independent of differences in MAAT
magnitude, all MAAT values were normalised by the MAAT obtained at 120° for the corre-
sponding condition. To further illustrate the changes of MAAT across angles and method,
the correlations between MAAT and ankle angle for each participant and each method was
quantified. To provide more specific information about the CORrest - CORMV C compar-
ison, the percentage differences for all angles were reported. Statistical significance was
accepted at an alpha of .05.
4.3 Results
The correlations coefficients between TErest - CORrest and TErest - CORMVC ranged
between .63 to .92 and .72 to .93, respectively (Table 4.1).
The repeated measures ANOVA revealed no significant method × angle interaction
(F (4, 20) = 0.769; p = 0.558) (Figure 4.1). The mean correlations between MAAT and
ankle angle were 1 ± .00, .91 ± .10 and .95 ± .08 for TErest, CORrest and CORMVC ,
respectively. MAAT magnitudes were larger at the 30° than the -15° ankle angle with
mean differences of 24.5 ± 12.2%, 19.9 ± 6.3% and 24.3 ± 7.3% for TErest, CORrest
and CORMVC , respectively. When comparing CORrest and CORMVC , the percentage
differences in MAAT (± SD) were 0.8 ± 6.5%, 3.7 ± 2.8%, 5.5 ± 6.4% and 7.9 ± 6% for
-15°, 0°, 15° and 30°, respectively.
4.4 Discussion
The first aim of this study was to directly compare MAAT obtained from TErest and
CORMV C . A strong correlations between MAAT obtained from TErest and CORrest as
well as CORMV C across a range of ankle angles with TErest MAAT being significantly
smaller was found. These findings extend the results of chapter 3 by demonstrating that
MAAT obtained using the COR method at rest and MVC and TE method at rest are
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Table 4.1. Pearson’s product moment correlations between Achilles tendon moment arm obtained
from the COR and the TE methods at four different ankle angles
Moment arm (mm)
(mean ± SD) TErest - CORrest TErest - CORMVC
angle TErest CORrest CORMVC r R
2 r R2
-15° 30.8 ± 6.7 46.1 ± 3.3 46.5 ± 3.4 .63 .39 .72 .51
0° 34.4 ± 4.5 51.7 ± 4.3 53.8 ± 5.5 .92** .84 .93** .86
15° 37.9 ± 5.4 55.4 ± 1.5 58.9 ± 5.5 .69 .48 .77* .59
30° 41.4 ± 6.9 56.7 ± 2.4 61.8 ± 5.2 .75* .56 .78* .61
Note: Values are mean ±SD for moment arm; n = 6 for Pearson’s product-moment correlations between
Achilles tendon moment arm obtained from the centre of rotation (COR; magnetic resonance imaging) and the
tendon excursion (TE; ultrasound imaging) methods) at four ankle angles at rest (TErest, CORrest) and a maximal
voluntary contraction (CORMVC); * = indicates a correlation of Achilles tendon moment arm using the TE and
the COR methods (p ≺ .10); ** = indicates a significant correlation of Achilles tendon moment arm using the TE
and the COR methods (p ≺ .05)
Figure 4.1. Achilles tendon moment arm measurements (mean ± SD) at four different ankle angles
obtained from the tendon excursion method at rest (TErest) and from the centre of
rotations method at both rest (CORrest) and during a maximum isometric contraction
(CORMVC). 0° ankle angle refers to the foot being perpendicular to the tibia.
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well correlated and therefore independent of contraction state. The significantly smaller
MAAT ’s obtained from the TE method can be explained by the viscoelastic nature of the
tendon. As the Achilles tendon relaxes during plantarflexion rotation, the displacement
of MTJ for a given joint rotation is reduced which leads to an underestimation of MAAT .
The second aim was to test the hypothesis that MAAT would change as a function of
ankle angle independently of the method of MAAT estimation. In conformity with this
hypothesis, it was found: (1) no angle × method interaction, and (2) similar moment arm
joint angle correlations for all experimental conditions (Figure 4.1). Our results extend
previous findings by demonstrating that the relationship between MAAT and joint angle
is not only independent of muscular contraction level but also of the method used.
Another interesting aspect of our data is the difference in MAAT between CORrest and
CORMV C . This difference ranged between 1 - 8%, which is considerably smaller than
that reported by Maganaris et al. (1998a), who found differences between 22 - 27%. This
discrepancy can potentially be explained by the different knee angle used by Maganaris et
al. (1998a) (90°) compared to the present investigation (180°). A knee angle of 180° was
adopted in an attempt to minimise the influence of tendon slack, which has the potential
to introduce error into the MAAT estimation when using the TE method (An et al., 1984).
The increase in MAAT during MVC compared to rest can be explained by a shift of the
Achilles tendon away from the joint centre, due to a shortening of the plantarflexor muscles
(Maganaris et al., 1998a). This shift is possibly smaller in magnitude when the knee is
fully extended compared to a more flexed position. Support for this speculation comes
from Riemann, DeMont, Ryu, and Lephart (2001) who demonstrated that muscle stiffness
of the GM is greater during full knee extension compared to more flexed positions. A
direct consequence of the greater stiffness could be a reduction of AT movement during
MVC and therefore a reduced increase in MAAT during MVC when compared to rest. Our
results, in combination with those of Maganaris et al. (1998a), let us speculate that there
is an interaction between knee angle, MAAT and plantarflexor contraction level. Future
research should be conducted to specifically test this hypothesis.
The present findings have specific implications for musculoskeletal modelling. Our de-
scriptive results can be used as guidance for modellers to account for the dependence
of MAAT on ankle angle and contraction level. However, it is important to consider
the within-group variability observed in our participants. The somewhat large standard
deviations reported here indicate that the interaction between ankle angle, muscular con-
traction level and MAAT can differ between individuals. This variability should be taken
into consideration by performing appropriate sensitivity analyses.
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5 The impact of Achilles tendon moment
arm methods and anatomical modifiers on
Achilles tendon forces during an inverse
dynamic simulation of submaximal cycling
5.1 Introduction
Quantifying muscular forces is important in many contexts. Individual muscle forces
can be used to monitor and increase sporting performance or support the process of
rehabilitation in order to prevent injuries of the muscle-tendon complex (Orishimo et
al., 2008). While direct measurements of muscular forces are highly invasive (Gregor,
Komi, & Ja¨rvinen, 1987; Gregor et al., 1991; Finni et al., 1998; Komi et al., 1987), non-
invasive modelling techniques such as inverse dynamics can be used to estimate muscle
torques (e.g., gait analysis: Zajac et al. (2002); cycling: Hull and Jorge (1985); Neptune,
Kautz, and Hull (1997)). The net muscle torque is the combined rotational force of a
muscle group about a particular joint. The sum of muscle forces produced by individual
muscles within the muscle group can be obtained by dividing the net muscle torque by
the corresponding muscle-tendon moment arms. If muscles and tendons act in a similar
way, the muscle force will be equal to the tendon force as the tendons connect the muscles
with the corresponding joint.
When using a multi-segmental musculoskeletal model, moment arms are usually based
on the musculoskeletal geometry of the model as moment arms are computed as the
ratio of changes in muscle-tendon length to joint rotation (An et al., 1984; Delp et al.,
1990; Hoy, Zajac, & Gordon, 1990; Zajac, 1989). In this context, the musculoskeletal
geometry of the model (i.e. the origin and insertion sites of the muscle-tendon complex
to the bony structures) is taken from cadaveric measurements from the literature (Brand
et al., 1982; Wickiewicz et al., 1983). However, it has been shown that experimentally
determined moment arms increase the accuracy of individual musculoskeletal models as
an under- or overestimation of moment arm has a direct impact of net muscle forces
(Anderson & Pandy, 2001; Zajac, Neptune, & Kautz, 2003). Ericson et al. (1985) as well
as Orishimo et al. (2008), for example, quantified the Achilles tendon force by dividing
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plantarflexor torque about the ankle joint by a constant Achilles moment arm (MAAT )
whereas Raasch et al. (1997) determined the moment arm based on the musculoskeletal
geometry taking ankle angle changes into account. To show the importance of accurate
moment arm estimations, invasive measurements of the Achilles tendon force using a
buckle-type tendon force transducer revealed an overestimation of Achilles tendon force
when compared to studies using an inverse dynamic approach (Ericson et al., 1985; Gregor
et al., 1987, 1991). As both studies report similar values for maximal plantarflexor torque,
an explanation could be the length of the MAAT .
For muscular forces to be estimated accurately and to make meaningful comparisons
between studies, it is important to consider the methods that were used in order to deter-
mine MAAT . Several methods exist to determine MAAT . These include cadaveric mea-
sures (Visser et al., 1990), the geometric approach of the centre of rotation method (COR:
Reuleaux (1875)) using magnetic resonance imaging (MRI) (Maganaris et al., 1998a; Rugg
et al., 1990), the tendon excursion method (TE) in vitro (Spoor et al., 1990) and in vivo
using ultrasonography or MRI (Maganaris, 2003a; Maganaris et al., 2000).
From such studies it can be learned that MAAT changes as a function of ankle angle
and contraction state (Maganaris et al., 1998a; Spoor & van Leeuwen, 1992). It has been
shown that MAAT increases up to 25% as a function of ankle angle from dorsiflexion
to plantarflexion (-15° to 30°) (Maganaris et al., 1998a). Maganaris et al. (1998a) also
demonstrated that MAAT increases by 22% - 27% between rest and a maximal voluntary
contraction (MVC), which is caused by the thickening of the triceps surae (Maganaris &
Paul, 1999). In contrast, in chapter 4, it was demonstrated that MAAT increases only by
1% - 8% between rest and MVC which is also supported by Baxter et al. (2011). It can be
speculated, that the likely reason for the discrepancy of these results could be the difference
in knee angle as the only methodological difference was the knee angle (90° Maganaris et
al. (1998a); 180° in chapter 4). Based on these results, it is reasonable to believe that the
relationship between MAAT and contraction state is likely to be influenced by knee angle
(Maganaris, 2003a). Finally, it has been shown that the magnitude of MAAT depends
on the method being employed. In chapter 3, it was demonstrated that MAAT s are 30%
greater when the COR method compared to the TE method is used.
It becomes clear that the interactions between ankle angle, knee angle, contraction state
and method used need to be taken into consideration when using biomechanical models
that estimate Achilles tendon force from muscle torques and MAAT .
The default settings of the available biomechanical analysis software often do not take
all these interactions into consideration. For instance, the default setting of OpenSim
and SIMM (an open source and commercial software, respectively, that allows to build
and analyse computer models of the musculoskeletal system and dynamic simulations of
movement) and AnyBody (a commercially available software similar to OpenSim which
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anatomical representations were taken from CT scans) for example uses a MAAT , which
is derived from the tendon excursion method (An, Chao, Cooney III, & Linscheid, 1979;
Delp et al., 1990; Wu, An, Cutlip, Andrew, & Dong, 2009). It does take changes in MAAT
as a function of ankle angle into account, but changes in MAAT as a function of contraction
state are not considered. Whilst it is likely that different methods of calculating MAAT ,
and different ways of accounting for the moment arm dependence on joint angles and
contraction state effect the MAAT length, the practical impact of this is not known. The
overall aim of this study was to determine the impact of the interactive effects of method,
ankle angle, knee angle and contraction state on estimates of MAAT and consequently
on Achilles tendon forces during submaximal cycling. To illustrate this effect, an inverse
dynamics approach (Hull & Jorge, 1985; Korff, Hunter, & Martin, 2009) was employed
and divided plantarflexor torque by MAAT to obtain Achilles tendon forces. The specific
aims of this study were to quantify 1) how Achilles tendon force depends on the method
of obtaining MAAT (assumption of a constant MAAT for the TE and the COR methods),
2) how Achilles tendon force would change if the MAAT dependence on ankle angle was
taken into consideration 3) how Achilles tendon force would change if both ankle angle and
contraction state were taken into consideration and 4) how Achilles tendon force would
change if ankle angle, contraction state and knee angle were taken into consideration. To
test the interactive effects of method, ankle angle, knee angle and contraction state, five
modifications of MAAT to take these variables into account were used. To test especially
the influence of contraction state on MAAT and on the resulting Achilles tendon force, the
submaximal cycling was performed at two different submaximal resistances.
5.2 Methods
5.2.1 Participants
Twelve healthy participants (6 men, 6 women) volunteered to participate in this study.
Mean (± SD) age, stature and mass were 27.8 ± 3.7 years, 172.6 ± 8.1 cm and 69.2 ±
8.5 kg, respectively. All participants were physically active non competitive cyclists with
no recent lower limb musculoskeletal injuries. Institutional ethical approval for this study
was granted by the Brunel University research ethics committee, and written informed
consent was provided by all participants. All participants visited the laboratory on two
occasions. On the first day, they visited the laboratory for familiarisation purposes, where
they were introduced to the testing devices as well as the testing protocols. On the second
day participants performed a cycling task (protocol 1), a maximum plantarflexor task to
determine maximal ankle torque (protocol 2), and a passive ankle rotation to determine
MAAT (protocol 3). All tests were separated by a minimum of 30 minutes.
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5.2.2 Experimental protocol: Kinematic and kinetic analysis of cycling
(protocol 1)
Before the testing, anthropometric measures (stature, seated height) were taken for each
participant. These measurements were used to adjust seat height and crank length of
the ergometer to 108.5% and 20% of leg length (body height minus seated height; results
were approximated to the nearest 2.5 mm), respectively (Martin, Farrar, Wagner, & Spir-
duso, 2000; Martin & Spirduso, 2001). To set the crank length, we used a crank that
was adjustable from 165 - 185 mm with 2.5 mm increments (varicrank, RacerMate, USA).
Before testing, participants performed a warm up protocol that consisted of 5 min cycling
at a self selected cadence at 50 W. For the testing, participants were asked to cycle on a
magnetically braked cycle ergometer (Velotron, Racermate, USA) for 1.5 minutes at 90
revolutions per minute (rpm). In order to standardise the power output across partici-
pants, the instantaneous peak power output based on lean thigh volume in accordance
with a method presented by (Martin et al., 2000) was estimated. In order to show the
impact of MAAT methods on Achilles tendon forces at two resistances, participants were
then required to cycle at both 10% and 20% of this estimated peak value. The order
of the trials was randomised for each participant with three minutes rest between each
trial. To ensure a constant pedalling rate throughout the trial, participants received visual
feedback on a monitor. During the last 30 seconds of each trial, kinematic and kinetic
data were collected. Kinematic data were sampled at 100 Hz using a 4 - camera motion
analysis system (Motion Analysis, Santa Rosa, CA, USA). Two reflective markers were
placed at the level of the pedal spindle and at the posterior end of the pedal, on the 5th
metatarsophalangeal joint, the lateral malleolus, the lateral femoral epicondyle, the greater
trochanter (GRT), and the anterior superior iliac spine (ASIS) of the right leg. Pedal force
data of the right foot were collected at 3000 Hz using a custom built force pedal with two
piezoelectric force transducers (Kistler, model 9251AQ01, Winterthur, Switzerland). The
electric charge signal was converted into a voltage for each transducer signal by charge
amplifiers (Kistler model 5038A, Winterthur, Switzerland) and transformed into a digi-
tal signal by a 12-bit analogue-to-digital card (model PCI-6071E, National Instruments,
Austin, TX, USA). Both kinematic and kinetic signals were synchronised using Cortex
(Motion Analysis, Santa Rosa, CA, USA) and low-pass filtered using a 2nd-order, zero
phase-lag, Butterworth filter with a cut-off frequency of 10 and 20 Hz, respectively.
5.2.3 Calculation of ankle torque during the cycling tasks
The net muscle torque of the right ankle was derived using an inverse dynamics algorithm
(Hull & Jorge, 1985). For this purpose, the foot, shank and thigh were assumed to be
rigid segments, and the ankle, knee and hip joints were assumed to be frictionless hinge
joints. The foot was assumed to be stationary with respect to the pedal.
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In order to calculate the vertical and radial force components in the inertial reference
frame, the angles between the position of the two pedal markers and the crank with respect
to the global reference frame were used. The centre of the hip was estimated by using the
GRT and ASIS markers (Neptune & Hull, 1995). Segmental lengths for the thigh and the
shank were determined using the Euclidean distance between the GRT and lateral femoral
epicondyle, as well as the lateral femoral epicondyle and the lateral malleolus, respectively.
Relative joint angles in the sagittal plane were determined from the positional data
of the estimated joint centres and the segment lengths. Linear and angular velocities
and accelerations of the lower limb were determined using Woltring’s generalised cross-
validation natural B-spline filter (Woltring, 1986). In combination with the pedal forces
and the joint positions, the corresponding joint torques for hip, knee and ankle were
obtained (Hull & Jorge, 1985). Segmental mass proportions, radii of gyration and centre
of mass were estimated based on anthropometric measures as published in the literature
(Jensen, 1989). Ankle torque profiles were determined over 15 consecutive crank cycles
(see Figure A.4 for a free-body diagram).
5.2.4 Experimental protocol: Maximal isometric plantarflexion torque
(protocol 2)
To determine the maximal isometric plantarflexor torque (Tmax) about the ankle joint,
participants were seated on an isokinetic dynamometer (Biodex System 3, Biodex Medical
Systems, Inc., NY) with their right knee straight (180°) and a relative hip angle of 85°.
To prevent movement of the foot and the lower limb during the rotation, the foot was
fixed to the dynamometer’s footplate with two inelastic straps. In order to measure the
torque about the ankle joint, the centre of the ankle joint (lateral malleolus) was aligned
with the shaft centre of the isokinetic dynamometer. Tmax was determined with the
foot plate at 90° (i.e., the sole of the foot was perpendicular to the tibia). Participants
were instructed to perform three maximal isometric plantarflexion contractions (MVC).
They were instructed to rotate their foot as hard and fast as possible and to hold the
contraction for at least four seconds. Verbal encouragement was provided during the
maximal contraction. As the measured torque about the ankle joint is the net torque
of all the forces produces by agonist and antagonist muscles, the torque produced by
the plantarflexor muscles can be underestimated during maximal isometric plantarflexions
(Maganaris, Baltzopoulos, & Sargeant, 1998b). To take antagonistic activation of the
tibialis anterior (TA) into account, the EMG-torque relationship was established (Brown
& McGill, 2008). For this purpose, in addition to the three plantarflexor MVCs, the
participants also performed a ramped dorsiflexion contraction. To establish the EMG-
torque relationship for the TA, the EMG signals of the gastrocnemius medialis (GM) as a
representative of the plantarflexor muscles and TA as well as the torque about the ankle
53
joint were recorded at 1000 Hz. Electromyographic activity was measured using bipolar
self-adhesive surface electrodes with a centre to centre distance of 20 mm. EMG electrodes
were placed at the midpoint of the TA and GM muscles parallel to the tibia along the
midsagittal plane. Before electrode placement, the skin was shaved and cleaned with
isopropyl alcohol pads to reduce impedance. The EMG signals were amplified at a gain
of 1000 (Telemyo 2400R, Noraxon USA Inc., Arizona, USA) and converted into a digital
signal using a 12-bit analogue-to-digital card (model PCI-6071E, National Instruments,
Austin, TX, USA). Then the digital signals were band-pass filtered (20 - 500 Hz), full-wave
rectified and filtered (2nd-order low-pass Butterworth, zero-lag, 6.5 Hz cut-off). Torque
data from the isokinetic dynamometer were low-pass filtered (4th-order Butterworth, zero-
lag, 12.47 Hz cut-off).
5.2.5 Derivation of dependent variables
To determine the influence of co-contraction on the maximal plantarflexor torque dur-
ing plantarflexion MVCs, the rectified, filtered TA EMG signal was plotted against the
measured torque during the ramped dorsiflexion contraction (up to 50% of the maximal
torque value). The data were fitted with a 3rd-order polynomial and the resulting re-
gression equation was used to determine the antagonist torque contribution during the
plantarflexion MVCs (Maganaris et al., 1998b). To obtain the corrected isolated plan-
tarflexor torque (Tmax corr), the antagonistic contribution was added to the net Tmax
torque. As the force-length relationship of the GM and therefore the resulting maximal
isometric torque is dependent on ankle and knee angle (Maganaris, 2003a), a function
based on these published results and adjusted the Tmax corr measurement to account for
ankle and knee angle changes (Tmax corr knee) was created. These relationships were later
used for correction for antagonistic activation of ankle torque (Tmax corr ank) obtained by
the inverse dynamics during cycling. To account for ankle angle the equation was:
Tmax corr ank = Tmax corr ·
(−0.002 · α2ankle + 0.47) (5.1)
To account for the knee angle, we used:
Tmax corr knee = Tmax corr · (0.0033 · αknee + 0.42) (5.2)
5.2.6 Experimental protocol: Achilles tendon moment arm (protocol 3)
In order to estimate the MAAT with respect to the ankle joint, the tendon excursion
method was applied (An et al., 1983). Seating position of the participants was the same
as for the MVC trials. Tendon displacement was determined using a 40-mm linear ultra-
sound probe (10-MHz B-mode; Esoate Megas GPX, Italy) during three consecutive passive
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rotations over a range of 45° of the ankle joint at 10° s−1 (-15° dorsi to 30° plantar). Dur-
ing the passive rotations, the muscle-tendon junction (MTJ) of the gastrocnemius medialis
(GM) was recorded at 25 Hz and later manually digitised. The ultrasound signal was syn-
chronised with the position data from the isokinetic dynamometer, which was sampled at
1000 Hz, and converted into a digital signal using a 12-bit analogue-to-digital card (model
PCI-6071E, National Instruments, Austin, TX, USA). Both signals were low-pass filtered
using a 4th-order digital Butterworth, zero-lag, filter with a 3.75 Hz and 2.63 Hz cut-off
frequency, respectively, as determined by the residual analysis (Winter, 2005). During
the passive ankle rotations, participants were instructed to relax their muscles in order to
avoid muscular forces effecting tendon excursion and therefore the moment arm calcula-
tion. Real time electromyography setup from the plantarflexion MVC trials of the TA and
the GM muscles was used to visually monitor muscle activation during the data collection
(Telemyo 2400R, Noraxon USA Inc., Arizona, USA).
5.2.7 Derivation of Achilles tendon moment arm dependent variables
The tendon displacement data were plotted against joint angular displacement and ap-
proximated by fitting a 2nd-order polynomial (mean (± SD) coefficient of determination:
.997 ± .002). To calculate MAAT , the polynomial was analytically differentiated at the
ankle angles of interest (i.e. -15°, 0°, 15° and 30°). To quantify the inter-test reliability,
MAAT measurements were analysed three times for each participant (the mean (± SD)
coefficient of variation across all participants was 3.18% (± 2.30%)).
5.2.8 Five methods of deriving Achilles tendon moment arm
To calculate the Achilles tendon force, net muscle torque about the ankle joint obtained
using inverse dynamics during cycling was divided by the corresponding MAAT for each
participant. As MAAT changes as a function of method, ankle angle, knee angle and
contraction state (chapter 4 Maganaris et al., 1998a; Spoor et al., 1990), five different
modifications of the MAAT using the tendon excursion method at rest to account for
these changes were used. These five modifications were based on results from previous
studies. First, a constant MAAT at an ankle angle of 0 (MATE) was taken as it best
represents the average ankle angle during cycling (Stienen, Schouten, Schuurmans, &
van Der Helm, 2007). Second, as MAAT is dependent on the method being employed
(see chapter 3)(e.g. TE and COR), a 49% increase of MATE to obtain CORrest MAAT
(MACOR) as described in chapter 4 was performed. The method comparison was only
performed at the constant MAAT . The reason for this was that any method dependent
difference in Achilles tendon force would also be present for all other MAAT adjustments
(ankle angle, knee angle and contraction state). Third, to account for changes in MAAT
due to changes in ankle angle during cyling, a linear relationship for each participant
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based on MAAT measurements at -15°, 0°, 15° and 30° (MATE ank) was used. The fourth
modification took both changes in ankle angle and contraction state into consideration
(MATE ankMV C). As for the contraction state, the MATE ank was increased by 4.5% based
on findings of chapter 4. The fifth condition took changes in ankle and knee angle, as well as
contraction state into consideration (MATE ankkneeMV C). As an average increase in MATE
of 4.5% at a knee angle of 180° was found (see chapter 4) and Maganaris et al. (1998a)
reported an average increase in MATE of 25% at a knee angle of 180°, a linear relationship
for the knee angle dependence during contraction state was applied (see Appendix A.1.1).
The last MAAT modification was the most differentiated method, as it takes the largest
number of anatomical modifiers into consideration. The Achilles tendon force derived from
the resulting moment arms were used as the baseline measure against the tendon forces
derived from the remaining conditions.
In order to quantify the effects of the MAAT modifications on the Achilles tendon force
profiles during the cycling task across the two resistances, each of the moment arm ma-
nipulations to MATE ankkneeMV C by calculating the relative absolute deviation across 15
revolutions were compared (RAD, see equation 5.3) (Korff & Jensen, 2007) (n = 66 for each
revolution as participants cycled at 90 rpm at a sampling rate of 100 frames per second).
The RAD (equation 5.3) provides a percentage mean difference between the force profiles
across one revolution and therefore helps to interpret the effect of MAAT modifications on
the Achilles tendon force profiles and the maximal force output in particular.
RAD = 100 ·
1
n (
∑n
i=1 |MATE ankkneeMV Ci −MAmodificationi|)
range (MATE ankkneeMV C)
% (5.3)
5.2.9 Statistical treatment
To compare the RAD by quantifying the difference in Achilles tendon force profiles across
the two resistances, descriptive statistics (percentage differences according to equation 5.3)
were used. To test the difference of adjusting the magnitude of MAAT on the resulting
maximal Achilles tendon force across the two resistances, a repeated measures two-way
ANOVA (MAAT modification × resistance) was used. If the interaction effect was signifi-
cant, follow-up repeated measures one-way ANOVAs were performed for each resistance.
Post hoc paired t-test (Bonferroni corrected) were then used to determine the difference.
Statistical significant was accepted at p ≺ .05.
5.3 Results
Participant characteristics for the cycling were 91.2 ± 4.8 cm for seat height, 16.8 ± 0.9
cm for crank length and 108.2 ± 15.8 W at 10% and 216.3 ± 31.7 W at 20% of their
predicted maximal power, respectively. Desciptive results for cycling can be found in
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Table 5.1. Descriptive kinematic results during submaximal cycling at two resistances (mean ±
SD).
ankle angle knee angle
resistance rpm Tmax ankle min max min max
(%) (N · m) (°) (°) (°) (°)
10 90.2 38.6 82.7 102.7 71.8 136.9
(± 0.6) (± 8.6) (± 5.6) (± 6.4) (± 5.2) (± 5.9)
20 90.2 56.9 81.5 105.9 71.1 136.4
(± 0.9) (± 15.7) (± 10.2) (± 7.7) (± 4.3) (± 6.0)
Note: The resistance values refer to 10% and 20% of the predicted peak power output during cycling; rpm =
revolutions per minute; Tmax ankle = the maximal torque during cycling about the ankle joint as predicted by the
inverse dynamics.
Table 5.1. Across all participants, MAAT estimates obtained using the TE method at
ankle angles of -15°, 0°, 15° and 30° were 28.1 ± 4.9, 33.2 ± 2.8, 38.2 ± 3.0 and 42.9 ± 5.4
mm, respectively.
The RAD ranged from 4.7% to 9.72% with the highest error for FTEankkneeMV C - FCOR
and the lowest for FTEankkneeMV C - FTEankMV C (see Table 5.2).
The repeated measures two-way ANOVA revealed significant main effects for MAAT -
modification (F (4, 44) = 64.470, p ≺ .01) and resistance (F (1, 11) = 46.39, p ≺ .01). In
addition, there was also an interaction effect for MAAT -modification × resistance (F (4,
44) = 17.960, p ≺ .01). To locate the differences for a resistance of 10% of predicted
peak power, the repeated measures one-way ANOVA revealed a significant main effect
for MAAT -modification (F (4, 44) = 59.790, p ≺ .01). Bonferroni corrected paired t-tests
revealed significant differences for all comparisons (p ≺ .05) with the exception of FTE -
FTEank and FTE - FTEankMV C (p  .05). To locate the differences for a resistance of 20% of
predicted peak power, the repeated measures one-way ANOVA revealed a significant main
effect for MAAT -modification (F (4, 44) = 55.579, p ≺ .01). Bonferroni corrected paired
t-test revealed significant differences for all comparisons (p ≺ .05) with the exceptions of
FTE - FTEank and FTE - FTEankMV C (p  .05).
5.4 Discussion
The overall aim of this experiment was to determine the impact of the interactive effects
of method, ankle angle, knee angle and contraction state on MAAT and consequently on
the estimates of Achilles tendon force during submaximal cycling.
To determine the impact of MAAT on the Achilles tendon force, five different modifica-
tions of MAAT which were used to divide plantarflexor torque obtained from the inverse
dynamics algorithm. To test the influence of MAAT obtained using the TE and the COR
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Table 5.2. The impact of five Achilles tendon moment arm modifications on the maximal resulting
Achilles tendon force and the Achilles tendon force profiles (RAD) during submaximal
cycling.
resistance FTE FCOR FTEank FTEankMV C FTEankkneeMV C
(%) (N) (N) (N) (N) (N)
10 1165.1 782.0*** 1129.3 1113.7 982.5**
(± 239.8) (± 160.9) (± 223.5) (± 219.5) (± 212.4)
20 1714.7 1150.8*** 1717.4 1686.8 1477.9**
(± 426.1) (± 286.9) (± 436.2) (± 435.8) (± 449.2)
Relative absolute difference (RAD)*
10 8.6% 9.7% 5.1% 4.7% —
20 7.8% 8.6% 6.4% 5.8% —
Note: All Achilles tendon forces are means (± SD) across 15 crank revolutions at 90 rpm. The resistance
was set to 10% and 20% of the predicted peak power; the following five Achilles tendon moment arm (MAAT )
modifications were used to determine Achilles tendon force from plantarflexor torque: FTE = a constant MAAT
using the tendon excursion (TE) method; FCOR = a constant MAAT using the centre of rotation (COR) method;
FTEank = MAAT that changes as a function of ankle angle (TE method); FTEankMV C = MAAT that changes
as a function of ankle angle and contraction state (TE method); FTEankkneeMV C = MAAT that changes as a
function of ankle angle, knee angle and contraction state (TE method); * = the relative absolute difference (RAD)
of the Achilles tendon force profiles for each modification was compared to the force profile of FTEankkneeMV C ; **
& *** = Achilles tendon force is significantly smaller compared to all forces being calculated using the TE method
(p ≺ .01).
methods (modifications 1 and 2), a constant MAAT for each of the methods was applied.
When using musculoskeletal models, joint angle dependent moment arm changes are of-
ten taken into consideration (Buchanan et al., 2004) but not contraction-state-dependent
changes (Delp et al., 1990). In order to partition out the impact of both approaches on
Achilles tendon force, MAAT that only changes as a function of ankle angle (modification
3) in comparison to MAAT that changes as a function of contraction state and ankle angle
(modification 4) was used. Maganaris et al. (1998a) reported an increase in MAAT from
rest to MVC from 22% - 27% at a knee angle of 90°. In this study, an average increase
of 4.5% at a knee angle of 180° was found (see chapter 4). The bigger increase in MAAT
can potentially be explained by a larger shift of the Achilles tendon from the joint centre
(Maganaris et al., 1998a). Therefore we included a MAAT that changed as a function of
ankle angle, knee angle and contraction state (modification 5). As the last modification is
the most differentiated approach which takes the largest number of anatomical modifiers
into consideration, we used the Achilles tendon force profile of this MAAT modification to
compare it the remaining profiles.
Our findings show that different ways of deriving MAAT affect the estimation of Achilles
tendon forces during cycling considerably, both in terms of peak Achilles tendon forces
and derivation across the whole crank cycle. More specifically, our results show that when
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applying MAAT obtained using the TE and the COR methods, the Achilles tendon force
was significantly smaller for the COR MAAT (FCOR) due to a bigger MAAT . Although
only a constant MAAT to show the impact of the MA method on the Achilles tendon
force was used, the significant difference between forces would still be the same if MAAT
changed as a function of ankle angle and contraction state. The reason for this is that
MAAT changed for both methods in a similar fashion across ankle angles (see chapter 4).
These results highlight the importance for researchers to carefully consider which method
to use for their musculoskeletal research as it has a significant influence on the force output
of the model.
Surprisingly, no significant differences in Achilles tendon forces were found when plan-
tarflexor torque was divided by a constant MAAT determined at 0° (FTE) compared to
MAAT which changes a function of ankle angles (FTEank) on the one hand and as a func-
tion of ankle angles and contraction state on the other hand (FTEankMV C). These results
can be explained by the fact that the constant MAAT was determined at an ankle angle
of 0°. The average ankle angle during the cycling trials ranged between -13° to 17° (0°
foot perpendicular to tibia segment). This range of ankle angles is in line with the lit-
erature (Chen, Kautz, & Zajac, 2001). As the maximal plantarflexor torque is produced
during the downstroke phase at a crank angle of about 90° (Hull & Jorge, 1985; Neptune,
1999), the ankle angle is close to be 90° (Chen et al., 2001). Therefore, the maximal
plantarflexor torque is produced by a similar ankle angles and consequently a difference
between a constant MAAT and a MAAT which changes as a function of ankle angle can-
not be found. Furthermore, an explanation why a difference when adjusting MAAT to
account for changes in ankle angle and contraction state - although a main effect for our
two resistances (10% and 20% of predicted peak power) was found- was not found, could
be due to the submaximal nature of experimental design. The results indicate, that the
maximal plantarflexor torque during the highest resistance was 34% of Tmax corr. This
refers to a maximal increase in MAAT of 1.5%, respectively (100% Tmax corr refers to an
increase of 4.5% as described in chapter 4). However, studies looking at higher resistances
or maximal cycling should be aware of the influence of contraction state on the resulting
Achilles tendon force.
Finally, when taking ankle angle, knee angle and contraction state into consideration for
the MAAT estimation, the resulting Achilles tendon force (FTEankkneeMV C) was signifi-
cantly smaller compared to all other modifications with the exception of FCOR. A possible
explanation for this result is that the muscle stiffness of the GM is greater during full knee
extension when compared to knee flexion (Riemann et al., 2001). A greater stiffness re-
sults in a smaller shift of the Achilles tendon during the muscular contraction (MVC) and
consequently leads to a smaller MAAT during a more extended knee position. This dif-
ference can be seen when isolating the effect of knee angle by comparing FTEankMV C and
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FTEankkneeMV C . As the greatest plantarflexion torque is produced during the downstroke,
the knee angle is in a more flexed position. Therefore, the corresponding MAAT is bigger
due to the greater shift of the Achilles tendon during the contraction. Within the context
of cycling, it becomes apparent that MAAT should take changes in knee angle, ankle an-
gle and contraction state into account. This is particularly important for musculoskeletal
models, as they only take ankle angle and knee angle dependence into account but not
changes in contraction state. Our results show, that if contraction state is not taken into
consideration during submaximal cycling, Achilles tendon forces are overestimated by ap-
proximately 12% and 14% at 10% and 20% of predicted peak power, respectively (FTEank
vs. FTEankkneeMV C).
In addition, with an increase in resistance from 10% to 20%, the relative absolute
difference (RAD) between FTEank as well as FTEankMV C in comparison to FTEankkneeMV C
became greater. This shows that the influence of knee angle on Achilles tendon force
estimates becomes more prominent. However, this conclusion has to be interpreted with
caution. In this experiment it was assumed that the MAAT s at MVC change linearly
from 180° to 90° knee angle (i.e. 4.5% to 25%). While previous research reported that
plantarflexion torque decreases as a function of knee flexion (Maganaris, 2003a), future
research should focus on how MAAT is influenced by changes in knee and angle angles
during MVC between 90° and 180°.
In addition, our results show the importance of carefully considering how to model
MAAT as a deviation not only exists between the maximal Achilles tendon forces but also
between their force profiles across crank cycles (RAD up to 9.7% from the FTEankkneeMV C
profile). Across both resistances, the RAD is higher when using a constant moment arm
(MATE and MACOR) as compared to the modifications that take the angle and contraction
state dependence into account. Depending on the specific content, researchers have to de-
cide whether they can accept such a difference across the force profile. However, although
our maximal Achilles tendon forces are in line with previous studies (Ericson et al., 1985),
direct invasive measurements during cycling report that the Achilles tendon force at 88 W
and 265 W was 480 N and 661 N (both at 90 rpm) (Gregor et al., 1987). These results are
considerably lower than the present results obtained when dividing the plantarflexor torque
by the MAAT using the TE method. Interestingly, when taking all anatomical modifiers
for the TE method into the calculation (FTEankkneeMV C), the resulting force is the closest
to the direct measurements for the TE method. However, when adjusting the MACOR to
take all anatomical modifiers into the calculation (FCORankkneeMV C), 659 N (108 W) and
992 N (216 W) were obtained. Although these forces are still higher than the ones reported
by Gregor et al. (1987), using the COR method for MAAT (FCORankkneeMV C) provides
the closest Achilles tendon force in comparison to the direct invasive measurements. This
finding is in line with Gregor et al. (1991) who used the COR method to determine MAAT
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for cycling. As the length of MAAT using the COR method is significantly larger than
using the TE method (see chapter 4), the findings of this experiment let us speculate
about the validity of the TE MAAT results. However, as the Gregor et al. (1987) only
used one participant, the results have to be interpreted with caution. Therefore, future
studies should focus on comparing estimates of Achilles tendon force using musculoskeletal
modeling techniques with direct Achilles tendon force measurements.
In summary, the significant impact of different MAAT -modifications on the resulting
Achilles tendon force during submaximal cycling was shown. Although a significant main
effect for our MAAT -modifications was found, the ankle angle and contraction state de-
pendence of MAAT was found to be nonsignificant when compared to a constant MAAT .
However, when taken the knee angle dependence into the MAAT calculation, the resulting
Achilles tendon force was closest to results from direct Achilles tendon force measurements
(Gregor et al., 1987). In this context, when using MAAT obtained using the COR method,
Achilles tendon forces were significantly smaller but closer to the direct measurements as
compared to results obtained using the TE method. Our results from the inverse dynamics
analysis show that when calculating muscular forces from joint torques during dynamic
movements, it is important to use MAAT which accounts for changes in ankle angle and
contraction state. In addition, our results let us speculate that changes in knee and ankle
angle during muscular contraction play an important role for the MAAT estimation and
should be taken into consideration when using musculoskeletal models. Collectively, these
present results will enable researchers to make a more informed decision on how to adjust
MAAT for dynamic musculoskeletal models.
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Chapter 6
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6 General discussion
Muscles and tendons cross joints at a distance allowing for muscle forces to cause joint
torques and ultimately segmental rotations. The determination of muscle-tendon moment
arms is important because it is a determinant for an analysis of muscle function to bet-
ter understand the individual’s strength, movement economy and sprinting performance
with respect to mechanical effectiveness. In addition, within a developmental context,
it is important in order to explore age-related changes in human movement. From a
methodological perspective, moment arms are important because they allow us to calcu-
late muscular forces from torques. To estimate muscle forces from joint torques, it is vital
that methodological and anatomical modifiers are taking into consideration.
The overall purpose of this thesis was to gain insights into the interactions between
methodological and anatomical modifiers of Achilles tendon moment arm (MAAT ) and
their effect on the derivation of muscular forces from torque. In order to answer the
research questions, three experiments were performed. In experiment one, two common
methods of obtaining MAAT were compared. Following these results, experiment two
explored the interaction effect of method, ankle angle and contraction on MAAT estimates.
In experiment three, the interactive effects of methodological and anatomical modifiers of
MAAT on the estimation of Achilles tendon forces during cycling were determined.
6.1 Summary of findings
Results from experiment one showed that MAAT length was significantly smaller when
using the tendon excursion (TE) method and ultrasonography as compared to using the
centre of rotation (COR) method and magnet resonance imaging. However, besides the
significant difference in MAAT length, a high correlation between both methods across
different ankle angles was found. Furthermore, the experiment provided evidence that the
selection of fitting techniques in order to describe MAAT as the ratio of tendon to angular
displacement influences the reliability of MAAT estimates. In addition, MAAT s were more
reliable for the TE method when the ankle joint was rotated in a dorsiflexed direction.
Findings of experiment two extended the results of experiment one by showing that MAAT
obtained using the TE method at rest and the COR method at rest as well as MVC are
well correlated and change in a similar trend as a function of ankle angles.
To test the practical significance of these findings, it was demonstrated that method-
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ological and anatomical modifiers play a significant role when deriving muscle-tendon
forces from torques during submaximal cycling. The significantly greater MAAT length
as obtained by the COR method, resulted in a significant smaller Achilles tendon force
in comparison to all remaining moment arm modifications. In addition, results also high-
light the importance of taking the ankle angle and contraction state dependence of MAAT
into account when using biomechanical modelling techniques. Furthermore, it was shown
that when MAAT -dependence on knee angle was taken into account, the resulting Achilles
tendon force was decreased in comparison to only taking the ankle angle and contraction
state dependence of MAAT into account.
6.2 Effect of moment arm method on Achilles tendon moment
arm estimates
There is increasing evidence that the TE method using ultrasonography produces smaller
MAAT compared to MR imaging or using the COR method (Karamanidis et al., 2011; Lee
& Piazza, 2009; Maganaris, 2003a; Spoor et al., 1990). Results from experiment one sup-
port this assumption and showed that MAAT estimates obtained using the COR method
are 25% - 30% larger than those obtained using the TE method at rest (Maganaris et al.,
1998a). Interestingly, however, the MAAT estimates for both methods were well correlated.
In addition, as shown in experiment two, MAAT estimates also changed in a similar way
across the range of angles. Although this had not been shown before, previously published
MAAT data are suggestive of these relationships (Maganaris et al., 2000). The absolute
difference in MAAT length between the methods needs to be interpreted within the context
of the assumptions inherent to each of these methods. Hashizume et al. (2011) recently
showed that when comparing 2D and 3D MAAT using the COR method, the 2D MAAT
was overestimated by approximately 25% when directly compared to 3D estimates. Their
findings showed that this difference was caused by a deviation of the medial or lateral
misalignment of the 2D sagittal scanning plane. Although the TE method during these
present experiments and previous publications was only applied during 2D, the 3D results
as presented by Hashizume et al. (2011) are similar to MAAT length estimates from these
studies (Lee & Piazza, 2009; Karamanidis et al., 2011). Within this context, MAAT esti-
mates from Maganaris (2003a) using the TE method appear to overestimate MAAT when
compared to findings of experiment two (chapter 4) or previous publications (Karamanidis
et al., 2011; Lee & Piazza, 2009). This difference could be explained by a methodologi-
cal difference, as Maganaris (2003a) used individual scans at ±5° of the angle of interest
to determine the change in tendon length. In contrast, the remaining studies quantified
the change in tendon length continuously over a range of motion (i.e. Karamanidis et
al. (2011): 20°; Lee and Piazza (2009): 30°). Quantifying the ratio of length changes in
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tendon length to changes in ankle angle over larger intervals in experiment one resulted
in more reliable MAAT estimates than by using smaller intervals (such as ±5°). However,
the influence of using still images at specific angles in contrast to a continuous ankle joint
rotation is still unknown and needs further research.
Results of experiment three demonstrated the effect of the method-dependent difference
in MAAT length on the Achilles tendon force during submaximal cycling. Interestingly,
Achilles tendon forces determined using MAAT from the TE method were similar to those
of Ericson et al. (1985). However, when using MAAT from the COR method, Achilles
tendon forces were closer to the results from direct invasive in vivo measurements (Gregor
et al., 1987, 1991). These results suggest, that the MAAT length obtained using the COR
method might be more valid compared to using MAAT estimates obtained using the TE
method.
6.3 Effect of anatomical modifiers on Achilles tendon moment
arm and Achilles tendon force
Previous studies have shown that MAAT changes as a function of ankle angle (Klein,
1996; Maganaris et al., 2000) and contraction state (Baxter et al., 2011; Maganaris et al.,
1998a) based on changes in the anatomy of the ankle joint as well as in muscle thickness
(see sections 2.4.1 and 2.4.2) (Maganaris et al., 1998c; Maganaris & Paul, 1999). Present
results of experiment two extend these findings by showing that MAAT obtained using the
TE and the COR methods at rest change in a similar way as a function of ankle angle. As
the TE method is based on the principle of virtual work (An et al., 1984), no energy should
be lost during a muscle contraction as it violates the principle. Given that muscles and
tendons store, release and dissipate elastic energy during muscle contractions, the principle
of virtual work is violated, and this violation is likely to be more significant when large
muscle forces are produced as during a maximal contraction. Within this context, it was
shown for the TE method that MAAT s obtained during a dorsiflexion ankle rotation were
more reliable than those during a plantarflexion rotation. As we found a significant higher
passive torque during the dorsiflexion rotations of the ankle joint (chapter 3), the violation
of the virtual work principle is likely to be more significant and therefore the MAAT length
is likely to be more erroneous. However, MAAT obtained using the TE method at rest
and the COR method during muscle contraction were well correlated and changed in a
similar way as a function of ankle angle (Maganaris et al., 2000). Interestingly, however,
the relative increase in MAAT between rest and MVC for the COR method was only
between 1% to 8% across the range of motion whereas Maganaris et al. (1998a) reported
an increase of 22% to 27%. The potential difference can be explained by the different
knee angles during the measurement as described in chapter 4. Results of experiment
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three demonstrated that the presumed knee-angle dependence for the MAAT estimation
during contraction state had a significant effect on the resulting Achilles tendon force.
However, the presumed knee-angle dependence has not been specifically quantified yet.
Interestingly, the angle- and contraction-state-dependence of MAAT was not significantly
different when using a constant MAAT . As the cycling task was only performed under
submaximal resistance (10% and 20% of the predicted peak power), the influence of the
contraction-state-dependence of MAAT should be explored during higher resistances.
6.4 Significance of findings and suggestions for future research
By using a direct comparison approach, the results of this thesis advance previous findings
by giving novel insights into the influence of moment arm method and anatomical modifiers
on MAAT estimates and their effect on Achilles tendon forces during dynamic movements.
These findings extend previous findings in the area of MAAT estimations using the TE
and the COR methods at rest (Hashizume et al., 2011; Karamanidis et al., 2011; Lee
& Piazza, 2009; Maganaris et al., 2000; Maganaris, 2003a; Sheehan, 2012) and during
muscular contraction (Baxter et al., 2011; Maganaris et al., 1998a, 1999). Previous studies
applying the TE method using ultrasonography and MR imaging reported contradicting
MAAT length estimates and therefore suggested an influence of moment arm method
on MAAT estimates (Karamanidis et al., 2011; Lee & Piazza, 2009; Maganaris et al.,
2000; Maganaris, 2003a). Results of this thesis provide explicit evidence that the moment
arm method significantly influences MAAT estimates. As demonstrated in chapter 5, this
method-dependence has a direct influence on the estimation of Achilles tendon forces when
using biomechanical modelling techniques such as inverse dynamics. In addition to the
method dependence, results of these present studies highlight the importance of taking
the the movement direction og the ankle joint, the ankle angle and contraction state
dependence of MAAT estimations into account. More specifically, the presumed influence
of knee angle on MAAT estimates during contraction state was shown to have a significant
effect on the resulting Achilles tendon force. However, the influence of knee angle changes
on MAAT is not completely understood and needs further research.
The results of this thesis highlight the importance of carefully considering the influence
of moment arm method on the results of biomechanical simulations when comparing with
previous studies. Current biomechanical models using the TE method may overestimate
the simulated forces based on the reported method difference and because they do not
change the moment arm as a function of contraction state (Maganaris et al., 1998a). For an
analysis of muscle function, the method-dependence has to be also taken into consideration.
In order to make muscular forces results comparable across groups, the same moment arm
method should be used. This also implies to studies looking at movement economy. The
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influence of moment arm method for the gear ratio of sprinters, for example, can be seen by
two recent studies (Baxter et al., 2011; Lee & Piazza, 2009). While Lee and Piazza (2009)
used the TE method to estimate the MAAT of sprinters and non-sprinters, Baxter et al.
(2011) applied the COR method for the same purpose. Lee and Piazza (2009) reported
MAAT estimates which were 29% smaller for non-sprinters and 40% smaller for sprinters
compared to Baxter et al. (2011). Although both studies found a significant difference in
MAAT between both groups, based on the results from Lee and Piazza (2009) the gear
ratio of the sprinters and non-sprinters would be higher for a given foot length. Within
a developmental context, the high correlation found between the TE and COR methods
allow researchers to examine growth-related changes independent of the method used.
The MAAT of all our participants changed significantly as a function of moment arm
methods. Although the absolute length of MAAT s for each method is in line with previous
publications for both methods (Karamanidis et al., 2011; Lee & Piazza, 2009; Maganaris
et al., 1998a; Maganaris, 2003a), the different sample sizes as well as the heterogeneity of
the participant groups make it difficult to compare the results. Future studies way wish
replicate the direct method comparison by using a more homogeneous participant group.
Within this context, as both methods produce different but reliable MAAT results, the
question of the validity of MAAT length for both methods remains unknown
Although MAAT changes as function of contraction state and ankle angle, there is
some evidence from these present studies that the MAAT is also influenced by knee angle
changes during contraction state. The results from experiment three (chapter 5) show for
the first time the significant influence of knee angle on MAAT estimates and consequently
the Achilles tendon force during cycling. In experiment three, it was assumed that the
increase in MAAT to the contraction state changed linearly between knee angles of 90°
and 180°. Future studies may focus on how MAAT is influenced during contraction state
throughout the full range of motion of the knee joint.
6.5 Hypotheses
Study 1: Research hypothesis
H0: In vivo MAAT obtained using the tendon excursion method will be significantly
smaller than the MAAT obtained using the centre of rotation method.
H0: Larger intervals or higher polynomial fittings for the ratio of tendon and angular
displacement data will result in more reliable measurements of MAAT .
ACCEPTED
H0: Passive dorsiflexion in comparison to plantarflexion rotations of the ankle will
result in a higher reliability of MAAT measures.
ACCEPTED
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Study 2: Research hypothesis
H0: In vivo MAAT obtained using the tendon excursion method at rest will be
highly correlated to those obtained from the centre of rotation method during
a maximal voluntary contraction.
ACCEPTED
H0: There will be no significant interaction effect on MAAT between moment arm
method, joint angle and contraction state.
ACCEPTED
Study 3: Research hypothesis
H0: There will be significant differences in Achilles tendon force when using MAAT
obtained using the tendon excursion and centre of rotation methods.
ACCEPTED
H0: There will be significant differences in Achilles tendon force when using MAAT
which changes as a function of ankle angle during submaximal cycling.
REJECTED
H0: There will be significant differences in Achilles tendon force when using MAAT
which changes as a function of ankle angle and contraction state during sub-
maximal cycling.
REJECTED
H0: There will be significant differences in Achilles tendon force when using MAAT
that changes as a function of ankle angle, knee angle and contraction state.
ACCEPTED
6.6 Limitations
The methods being used in three experimental studies of this thesis have been carefully
selected and were to the best of the knowledge of the PhD candidate at the time. This
also included the collection and analysis as well as the statistical processing of data.
However, besides the carefully designed experiments, a number of limitations have to be
acknowledged.
The first limitation refers to the 2D design of the TE and the COR methods to esti-
mate MAAT . In section 2.3 the influence of 2D versus 3D ankle movement was described
in detail. Recently, two studies quantified the impact of using the 2D COR method in
contrast to a 3D approach on MAAT using MR imaging (Hashizume et al., 2011; Shee-
han, 2012). The author found a significant overestimation of 2D MAAT of about 25%
in comparision to 3D MAAT (Hashizume et al., 2011). If these findings were applied to
the COR MAAT results of the present studies, a dependence of MAAT method would not
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be detectable. In addition, when measuring tendon displacement by tracking the MTU,
researcher have used skin marker to determine the relative movement of the probe with
respect to the MTJ during contraction state (Magnusson et al., 2001; Muramatsu et al.,
2001). However, as changes in tendon length were only determined during rest, Maganaris
(2005) demonstrated that the skin marker relative to the probe only deviated by 0.2 mm,
while calcaneal and MTJ displacement was equal. Based on these findings, the use of
skin marker was neglected. However, small deviations in tendon displacement may have
occurred.
A second limitation refers to relatively small sample size in experiment two (n = 6).
The sample size number was derived based on the sample sizes used in previous studies
(Maganaris et al., 1998a, 2000). In order to perform an a priori power analysis, reference
data have to exist to draw a comparison. Since Maganaris et al. (2000) suggested that
there is no “gold standard” to estimate MAAT , therefore an a priori power analysis was not
possible. However, results of experiments 1 and 2 indicate moderate to strong agreements
of MAAT values obtained using the TE method at rest and the COR method at rest as
well as at MVC. When looking at the results reported by Maganaris et al. (2000) for the
COR and TE methods using MR imaging, the results show a similar trend as MAAT for
TE method at rest increased from 4.3 to 5.6 cm and 5.4 to 7 cm for the COR method at
MVC. In both cases there is an increase from dorsi- to plantarflexion of 25% and 30%,
respectively. Thus, besides the small sample size, it is believed that the external validity
of the present results and the correlation between the methods will not change if a higher
sample size is used.
A third limitation occurs by neglecting the contribution of muscular co-activation to the
net muscle torque (Maganaris et al., 1998b). As the net muscular torque is divided by the
MAAT , it is assumed that net muscular torque is only produced by the plantarflexor mus-
cles. However, co-activation of the dorsiflexor muscle is also present during a plantarflexion
movement. Thus, the contribution of the plantarflexor muscles is underestimated.
6.7 Summary
The present experiments of this thesis extend the existing knowledge on how to estimate
MAAT at rest and during contraction state and which anatomical modifiers have to be
taken into consideration. In experiment one it was shown that the length of MAAT is
dependent on the method being employed. When using the TE method, MAAT was
significantly smaller compared to MAAT obtained using the COR method. However,
besides the method-dependent differences, results were well correlated. As the TE method
cannot be applied during contraction state, MAAT s in experiment two were compared for
the TE method at rest and the COR method as rest and MVC across the range of motion.
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Similar to experiment one, the results show that MAAT obtained using the TE method
at rest are well correlated with those obtained using the COR method at rest and MVC.
In addition, the results of both methods changed in a similar way across the range of
motion of the ankle joint. Future research should further explore the method-dependence
and correlation for additional moment arm estimates (i.e. TA moment arm). Finally,
the results of experiment three showed the effect of moment arm method on the Achilles
tendon force during submaximal cycling. It was found that besides the MAAT dependence
of method, ankle angle and contraction state, changes in knee angle during the contraction
state should also be considered. Within this context, future studies should aim to explore
how the presumed knee angle-dependence influences MAAT estimates during contraction
throughout its range of motion. As most dynamic movements involve changes in knee
angle, this will improve Achilles tendon force estimates for those movements. Additionally,
the effect of contraction state and knee angle should be also be explored during maximal
cycling or alternative maximal movement tasks. Because of the submaximal nature of
experiment three, changes in MAAT due to changes in the contraction state were not
significant.
6.8 Conclusions
The results of the three experimental studies of this thesis show that MAAT obtained using
the TE method are significantly smaller than those obtained using the COR method. In
spite of the differences, MAAT s are well correlated and change in a similar way as a
function of ankle angle and contraction state. In addition, besides the significantly larger
Achilles tendon force due to a smaller MAAT during an inverse dynamics simulation of
submaximal cycling, changes in knee angle during the contraction should be taken into
account. Together, these results highlight the importance of carefully considering the
MAAT dependence of method, ankle angle, knee angle and contraction state for future
research using biomechanical models.
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A Appendix
A.1 Additional information
A.1.1 Influence of knee angle on Achilles tendon moment arm during
contraction state
The following linear relationship was used to account for changes in Achilles tendon mo-
ment arm (MAAT ) due to changes in knee angle during contraction state (maximal vol-
untary contraction). In chapter 4 of this thesis it was reported that MAAT increased by
4.5% on average at an knee angle of 180° from rest to MVC. In contrast, Maganaris et al.
(1998a) reported an increase of 25% at an knee angle of 90° (Figure A.1). Based on these
results, the estimation of MAAT during contraction state which changed as a function of
knee angle was based on the following linear relantionship (Note: The linear equation has
to be multiplied with the corresponding MAAT at rest; the result has to be devided by
100 as the increase in MAAT is expressed as a percentage):
y = -0.227778x + 45.50
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Figure A.1. Graph showing the relationship between knee angle and the percentage increase in
Achilles tendon moment arm from rest to a maximal voluntary contraction.
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A.1.2 Residual analysis
The cutoff frequencies for each of the digital filters used in this thesis were determined
using the residual analysis as described by Winter (2009). In short, the residual between
(see equation A.1) the filtered and unfiltered signal was plotted as a function of the filter
cutoff frequency.
R(fc) =
√√√√ 1
N
N∑
i=1
(Xi − Xˆi)2 (A.1)
where
fc = is the cutoff frequency of the filter,
Xi = are the raw data at ith sample,
Xˆi = is the filtered signal at the ith sample.
The residuals of acustom-built Matlab program were determined until half the sampling
frequency (0.5 fs). When the data only consisted of random noise, the residual were
represented by a straight line decreasing from an intercept at 0 Hz to an intercept at the
abscissa at 0.5 fs. However, when the data consisted of random noise as well as a true
signal, the residual rose above the straight random noise line as the cutoff frequency was
reduced (Winter, 2009). As the choice of the cutoff frequency was a compromise between
the signal distortion and the level of noise which was acceptable, the cutoff frequency at
which the true signal started to rise (d) was individually selected. When using the Matlab
program, this cutoff frequency was visually selected from the residual plot. Based on this
choice, the cutoff frequency for the filter was determined by the program by creating the
straight line representing the random noise from d to 0.5 fs (e). A horizontal line from
the intercept of the ordinate (a) with the signal curve was drawn. The resulting intercept
(d) provided the suggested cutoff of the filter (see Figures A.2 and A.3).
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Figure A.2. Plot of the residual between a filtered and an unfiltered torque signal which changes
as a function of the 4th-order Butterworth filter cutoff frequencies (until 500 Hz)
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Figure A.3. Illustration of the estimation of the cutoff frequency as shown in Figure A.2 (zoomed
in). Line d to e represents the residual of noise; a represents the intersect of line de
with 0 Hz; b represents the intersect of a horizontal line from a to the true signal which
rises from line de. The x-coordinate of point b represents the final cutoff frequency of
the filter.
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A.1.3 Free-body diagram of the foot segment during cycling
The following figure (see FigureA.4) is an example of the cycling free-body diagram that
was used during the inverse dynamics approach in chapter 5.
max, may, mg = acceleration of segment of centre of mass
Iα = angular acceleration of segment in plane of movement
Rpx, Rpy = pedal reaction forces at the distal end of the foot segment
Rax, Ray = ankle joint reaction forces at the proximal end of the foot segment
Ma = net muscle torque acting at the ankle joint
-mg
-may
max
Ma
y
x
Foot
Pedal
Ankle 
joint
Rpy
Rpx
Ray
Rax
-Iα
Figure A.4. Free-body diagram of the foot segment constraint to the pedal showing reaction and
gravitational forces, ankle joint net torque and all linear and angular accelerations.
The right foot was assumed to be a rigid segment as well as being stationary with
respect to the pedal.
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Introduction 
The quantification of muscle forces during human movement is important in many contexts. In vivo 
muscle forces can be estimated by dividing the muscular torque about a joint by the moment arm of 
the corresponding muscle tendon unit. Two different methods have been proven useful to estimate 
the moment arm of the Achilles tendon with respect to the ankle joint. When employing the centre of 
rotation (COR) method, the COR is geometrically constructed using MRI images of the foot. The 
perpendicular distance to the Achilles tendon is then measured directly. When employing the tendon 
excursion (TE) method, the moment arm is calculated by the first derivative of the tendon excursion 
(which can be obtained from ultrasound images) with respect to the angular displacement of the 
corresponding joint. The purposes of this study were a) to compare the moment arms obtained from 
COR and TE methods and b) to determine the reliability of each method. 
 
Methods 
Achilles tendon moment arms of 9 participants were obtained from both COR and TE methods. Using 
MR images of the foot at different angles, the COR at the neutral foot position was geometrically 
constructed. The perpendicular line to the Achilles tendon was measured using imaging software 
(COR method). For the TE method, the ankle was passively rotated (10º/s) 3 times through its range 
of motion. Tendon displacement at the muscle tendon junction of the gastrocnemius medialis was 
measured using ultrasound imaging. Moment arms were obtained by differentiating the tendon 
displacement with respect to the corresponding angular excursion using different differentiation 
techniques. For each participant and each method, three separate measurements were taken. 
 
Results 
Moment arms obtained from the TE method correlated well with those obtained from the COR 
method, but they were dependent on the mathematical differentiation technique. The highest 
correlation between the two methods was found when the tendon displacement was differentiated 
over an angular interval of 20º (r = .99, R
2
 = .98). The coefficients of variation across the three 
separate measurements were 2.34% and 3.93% for TE and COR methods, respectively. 
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Discussion 
Our results show good agreement between the TE and COR methods of determining Achilles tendon 
moment arm. Furthermore, both methods are very reliable. These findings demonstrate that both 
methods are robust against their individual limitations. They thereby allow researchers to choose the 
method that is most appropriate and accessible within their individual contexts. 
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published September 16, 2010; doi:10.1152/japplphysiol.00656.2010.—
Accurate and reliable estimation of muscle moment arms is a prereq-
uisite for the development of musculoskeletal models. Numerous
techniques are available to estimate the Achilles tendon moment arm
in vivo. The purposes of this study were 1) to compare in vivo
Achilles tendon moment arms obtained using the center of rotation
(COR) and tendon excursion (TE) methods and 2) to assess the
reliability of each method. For the COR method, magnetic resonance
(MR) images from nine participants were obtained at ankle angles of
15°, 0°, and 15° and analyzed using Reuleaux’ method. For the
TE method, the movement of the gastrocnemius medialis-Achilles
tendon junction was recorded using ultrasonography as the ankle was
passively rotated through its range of motion. The Achilles tendon
moment arm was obtained by differentiation of tendon displacement
with respect to ankle angular excursion using seven different differ-
entiation techniques. Moment arms obtained using the COR method
were significantly greater than those obtained using the TE method
(P  0.01), but results from both methods were well correlated. The
coefficient of determination between moment arms derived from the
COR and TE methods was highest when tendon displacement was
linearly differentiated over a10° interval (R2 0.94). The between-
measurement coefficient of variation was 3.9% for the COR method
and 4.5–9.7% for the TE method, depending on the differentiation
technique. The high reliabilities and strong relationship between
methods demonstrate that both methods are robust against their
limitations. The large absolute between-method differences (25–
30%) in moment arms have significant implications for their use in
musculoskeletal models.
center of rotation; tendon excursion; musculoskeletal model
QUANTIFICATION OF HUMAN MUSCLE FORCES in vivo is difficult,
because direct measurements are highly invasive (3, 4). There-
fore, muscle forces are typically estimated indirectly using
biomechanical modeling techniques. One method used to esti-
mate muscle forces is calculation of the ratio of the muscular
moment about a joint and the moment arm of the muscle or
tendon of interest. A number of techniques can be used to
obtain muscle moment arms, including cadaver dissection (6,
7, 11, 27), magnetic resonance (MR) imaging (16, 26), and
ultrasound imaging (9, 12–14).
Two of these methods in particular have become popular
within the scientific community. The first technique uses sag-
ittal plane two-dimensional MR images to estimate the center
of rotation (COR) of a joint (25, 26). The perpendicular
distance between the center of the joint and the line of action
of the muscle or tendon of interest is then measured directly
(16, 18, 26). The second technique is the tendon excursion
(TE) method. The principle of virtual work (1, 28) is used to
compute the moment arm as the ratio of the linear displacement
of the tendon to the angular excursion of the corresponding
joint (9, 17, 27). Thus it does not require knowledge of the
location of the COR.
The COR and TE methods have advantages and disadvan-
tages. One limitation of the COR method is that the multiple
steps of manual MR image processing, required to determine
the COR, can introduce errors in the COR calculation and,
therefore, in the moment arm estimation (16). Another disad-
vantage of the COR method is the limited accessibility and
relatively high costs involved in using MR scanners. A major
advantage of MR imaging, however, is the high visibility of the
underlying anatomic structures about the joint. In particular,
the line of force can be easily identified. The major advantage
of the TE method is that it does not require knowledge of the
COR or the line of action of muscle or tendon force. In
addition, ultrasonography, which is often easier to access and
more time- and cost-efficient than MR scanning, can be used
for the TE method. The main limitation of the TE method is the
assumption that no internal forces, including friction, act in the
joint of interest during a passive rotation (principle of virtual
work) (1, 28). Thus it is assumed that active and passive forces
within the joint are negligible and that all muscles spanning the
joint of interest are inactive.
Lee and Piazza (13) used the TE method to determine in
vivo values of Achilles tendon moment arms. The moment
arms reported by Lee and Piazza are smaller than those
reported by Maganaris et al. (16), who used the COR method.
While these differences can have multiple explanations (in-
cluding the use of participants with different anthropometric
characteristics), these findings raise the question whether mo-
ment arms obtained using these two methods are comparable.
However, to our knowledge, a direct comparison between these
two methods has not been made. Therefore, differences in the
moment arms reported in the literature cannot incontrovertibly
be attributed to methodological differences. The first purpose
of the present study was to compare moment arm measures of
the Achilles tendon using the COR method (MR imaging) and
the TE method (ultrasound imaging).
When scientific measurement techniques are evaluated, the
reliability of the dependent measure is another important con-
sideration. Coefficients of variation (CVs) of moment arms
obtained using the COR method have been reported to be 7.9%
(16, 17). The mean between-day difference in moment arms
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